ADVANCED THERMALLY ASSISTED 
SURFACE ENGINEERING PROCESSES 




ADVANCED THERMALLY 
ASSISTED SURFACE 
ENGINEERING PROCESSES 




ADVANCED THERMALLY 
ASSISTED SURFACE 
ENGINEERING PROCESSES 



by 



Ramnarayan Chattopadhyay 

Mumbai , India 



KLUWER ACADEMIC PUBLISHERS 

NEW YORK, BOSTON, DORDRECHT, LONDON, MOSCOW 



eBook ISBN: 1-4020-7764-5 

Print ISBN: 1-4020-7696-7 



©2004 Kluwer Academic Publishers 

New York, Boston, Dordrecht, London, Moscow 

Print ©2004 Kluwer Academic Publishers 
Dordrecht 

All rights reserved 



No part of this eBook may be reproduced or transmitted in any form or by any means, electronic, 
mechanical, recording, or otherwise, without written consent from the Publisher 



Created in the United States of America 



Visit Kluwer Online at: 
and Kluwer's eBookstore at: 



http://kluweronline.com 

http://ebooks.kluweronline.com 



DEDICATION 



To my father 

Jatindra Mohan Chatterjee 

Guiding spirit in the pursuit of intellectual excellence 




Contents 



Preface xiii 

Acknowledgements xv 

CHAPTER 1 

WEAR, SURFACE, HEAT AND SURFACE ENGINEERING 1 

1.1 Wear 2 

1.2 CoiTosion 6 

1.3 Surface Properties and Wear 16 

1.4 Heat Energy & Thermal Processes 23 

1.4.1 Phase Rule & Phase Transformations 27 

1.4.2 Surface Property Modification & Thermal Processes 33 

1.4.3 Heat Sources 34 

References 46 

CHAPTER 2 

PLASMA ASSISTED THERMAL PROCESSES 49 

2. 1 Formation & Properties of Plasma 49 

2.2 Non-Transferred Arc Plasma Spraying 52 

2.2. 1 DC Arc Plasma Spray System 52 

2.2.2 Non-Transferred Arc Plasma Scan Hardening 77 

2.2.3 Post Spraying Processes 78 

2.3 Plasma Transferred Arc Processes 78 

2.3.1 Transferred Arc-Plasma Surface Treatment by Scanning 90 

2.4 Plasma Nitriding 90 

2.5 Plasma Carburizing 95 

2.6 Plasma Paste Boronizing 96 

2.7 Plasma Assisted Vapor Phase Deposition 97 

2.7.1 Plasma Assisted PVD 97 

2.7.2 Plasma Assisted CVD (PCVD) 101 

2.7.3 Vapor Phase Deposition Techniques of Diamond 103 

2.8 Vapor Phase Deposition of Amorphous Materials 105 

2.9 Plasma Assisted Polymer Surface Modification 106 

References 1 12 




viii 

CHAPTER 3 

ION BEAM PROCESSES 117 

3.1 Ion Source 117 

3.2 Ion Beam Assisted Vapor Deposition Processes 118 

3.2.1 Types of Coating 120 

3.2.2 Dual IBAD 124 

3.3 Ion Implantation 125 

3.3.1 Plasma Source Ion Implantation 130 

3.3.2 Reactive Ion Sputtered Coating 130 

3.4 Ion Beam Assisted EBPVD 132 

References 132 

CHAPTER 4 

ELECTRON BEAM PROCESSES 135 

4.1 Electron Beam 135 

4.2 Electron Beam Assisted Physical Vapor Deposition 136 

4.3 Electron Beam Welding 145 

References 146 

CHAPTER 5 

MICROWAVE ASSISTED SURFACE MODIFICATION PROCESSES 149 

5.1 Formation & Properties of Microwave 149 

5.2 Microwave Assisted Plasma CVD Process 152 

5.3 Microwave Assisted Surface Diffusion 154 

5.4 Microwave Sintering 155 

5.5 Fused Ceramic Surfacing by Microwave 155 

References 155 

CHAPTER 6 

LASER ASSISTED SURFACE ENGINEERING PROCESSES 157 

6.1 Formation & Properties of Laser 157 

6.1.1 Lasing Elements 158 

6.1.2 Pumping Systems 158 

6.1.3 Techniques for Laser Formation 159 

6.1.4 Laser Focusing 164 

6.1.5 Variables Affecting the Laser Assisted Processes 165 

6.2 Laser Assisted Surface Modification Processes 167 

Lasershot Peening 168 

Transformation Hardening 169 

Laser Melting 170 

Laser Surface Alloying 175 

Laser Ablation 176 

Laser Fusion of Thermal Sprayed Deposit 177 

Laser Assisted Vapor Deposition 178 




IX 



Laser Welding 179 

Laser Spraying 186 

Direct Metal Deposition (DMD) by Laser 188 

References 189 

CHAPTER 7 

SOLAR ENERGY FOR SURFACE MODIFICATIONS 193 

7.1 Solar Heating 193 

7.1.1 Solar Furnace 193 

7.2 Solar Hardening 197 

7.3 Sunbeam Fusing 197 

References 199 

CHAPTER 8 

COMBUSTION PROCESSES FOR SURFACE MODIFICATION 201 

8.1 Heat & Flame Generated by Oxy-Fuel Combustion Processes 201 

8.1.1 Surface Modification Processes by Furnace Atmosphere 

Control 203 

8.2 Normal to Moderate Capacity Flame Spray/Fusion 

Systems 204 

8.2.1 High Velocity Flame Spraying 207 

8.2.2 Hyper Velocity Impact Fusion (HVIF) 212 

8.3 Hot Chemical Gas Flame for Diamond Film Deposition 213 

8.4 Flame Assisted Vapor Deposition (FAVD) Process 215 

References 216 

CHAPTER 9 

FRICTION WEED SURFACING 219 

9.1 Principles of Friction & Frictional Heat 219 

9.2 Friction Surfacing 222 

References 226 

CHAPTER 10 

INDUCTION SURFACE MODIFICATION PROCESSES 229 

10.1 Induction Heating of the Surface 229 

10.2 Induction Hardening 230 

10.2.1 Induction Hardening of Cast Iron Surface 233 

10.3 Induction Fusing 233 

10.4 Induction Coupled RF Plasma 236 

References 237 

CHAPTER 11 

SURFACING BY SPARK DEPOSITION PROCESSES 239 

11.1 Capacitance Discharge or Spark Deposition Process 239 




X 



11.2 Applications 242 

References 242 

CHAPTER 12 

ARC ASSISTED ADVANCED SURFACE ENGINEERING 
PROCESSES 243 

12.1 Arc Phenomena in Welding & Developments 243 

12.1.1 Gas Tungsten Arc Welding 246 

12.1.2 Gas Metal Arc Welding 247 

12.1.3 Plasma Arc Welding with Rod/Wire 251 

12.1.4 Submerged Arc Welding (SAW) Process 254 

12.1.5 Electroslag Welding 258 

12.2 Arc Light Assisted Processes 259 

12.3 Advanced Arc Spraying Process 261 

12.4 Electroconsolidation Cladding 263 

References 264 

CHAPTER 13 

HOT ISOSTATIC PRESS 267 

13.1 HIP Process 267 

13.2 Diffusion Bonding by HIP 268 

13.3 Hip Quenching of Diffused Layer 270 

References 270 

CHAPTER 14 

FLUID BED PROCESSES 27 1 

14.1 Fluid Bed Processes for Thermal Treatments 271 

14.2 Fluidised Gas Bed 272 

14.2.1 Fluidised Gas Bed Carburizing 272 

14.3 Thermal Processing in Molten Salt Bath 273 

References 274 

CHAPTER 15 

POLYMERIC SURFACES 275 

15.1 Thermally Assisted Surface Modification ofPolymeric Materials 275 

15.2 Polymer Coatings on Metallic Substrate 276 

15.3 Parylene Coatings 277 

References 278 

CHAPTER 16 

CERAMIC SURFACES 279 

16.1 Ceramic Surface Modifications 279 

16.2 Ceramic Coatings Materials/Processes 281 

16.2.1 Ceramic Oxides 282 




XI 



16.2.2 Ceramic Carbides, Nitrides and Composites 282 

References 283 

CHAPTER 17 

DIFFUSED AND CVD COATINGS OF SINGLE AND 

MULTIPLE ELEMENTS 285 

17.1 Diffusion Process 285 

17.2 Diffusion Coatings of Interstitials 288 

17.3 Diffusion Coating of Substitutional Elements 292 

17.3.1 Pack Alunising 293 

17.3.2 PackChromising 296 

17.3.3 Siliconizing or Ihregizing 297 

17.3.4 Chemical Vapor Deposition of Multilayer Coating 299 

17.4 Diffusion Sinter Cladding 302 

References 303 

CHAPTER 18 

MISCELLANEOUS PROCESSES 307 

18.1 Fused Paste Coating 307 

18.2 Wear Plates 308 

18.3 Hard Top Casting 309 

18.4 High Density Infrared Processing of Surface Layer 310 

References 310 

CHAPTER 19 

QUALITY OF THE ENGINEERED SURFACES 311 

19.1 Quality Checks of Engineered Surface 311 

19.1.1 Microstructure 312 

19.1.2 Composition 314 

19.1.3 Hardness 315 

19.1.4 Surface Roughness 317 

19.1.5 Performance Tests 318 

19.2 Surface Modification Processes and Surface Qualities 319 

19.2.1 Diffusion Control Processes 319 

19.2.2 Vapor Phase Deposition 320 

19.2.3 Ion Implanted Surfaces 323 

19.2.4 Thermal Spraying 324 

19.2.5 Welding 326 

References 328 

CHAPTER 20 

PROGNOSTIC AND LIFE CYCLE EXTENSION 331 

20. 1 Prognostic 33 1 

Fracture Toughness & Life Cycle 334 




xii 



Fatigue Life 339 

Creep Life 342 

Wear Life in Different Wear Processes 344 

Adhesive Wear Life 345 

Abrasive Wear Life 346 

Erosive Wear Life 347 

Thermal Wear 350 

Zero Wear or (IBM) Equation 351 

Corrosion Wear Life 352 

Corrosion Life using Fracture Mechanics 352 

Wear Life from Long Time Wear Simulation Tests 354 

On-line Wear Health Monitoring 355 

Thin Layer Activation 356 

Acoustic Emission 356 

References 356 

Subject Index 359 

About Author 375 




PREFACE 



Surfaces are the bounding faces of solids. The interaction of component 
surface with the working environment results in wear & corrosion. Estimated 
loss due to wear & corrosion in USA is around $500 billion. Engineered 
surfaces are the key to the reduction of losses due to wear and corrosion. In 
the USA, around 9524 establishments (including automotive, aircraft, power 
and construction industries) depend on engineered surfaces with support from 
23,466 industries. Around 65 top academic institutions world-wide are 
engaged in surface engineering research and teaching. 

There has been a paradigm shift in surface engineering from age-old 
electroplating to processes such as vapor phase deposition, diffusion, thermal 
spray & welding using advanced heat sources like plasma, laser, ion, electron, 
microwave, solar beams, pulsed arc, pulsed combustion, spark, friction and 
induction. Metal, ceramic, polymer and composite surfaces are modified by 
application of heat or thermally assisted coatings with dissimilar materials. In 
addition to conventional materials it is possible to develop newer coating 
materials by processes such as RSP (metallic glasses), plasma polymerization 
(polymers and copolymers) and thermal spray (graded deposits). The 
application range includes critical components from almost all major 
industries, such as automotive, power, steel , aerospace, nuclear, cement, 
petrochemical, chemical, construction, tools & dies and biomedical 
equipments. Quality control of the engineered surface assures improved and 
consistent performance. A wear prognostic approach has been found useful to 
assess, monitor and improve the life of components in aging equipments and 
machineries. An attempt has been made to cover all these and few more topics 
in this book. 

There are surface engineering books on specific processes such as 
thermal spraying and vapor phase deposition or about specific heat sources 
such as plasma or laser. However, there are few, if any, covering the whole 
range of advanced surface engineering processes. The manufacturing (OEM) 
and maintenance (M&R) of modem equipments and machineries, such as jet 
engines, require a number of advanced surface engineering processes for 
reliable, consistent and improved performance in the most hostile 
environment. It is imperative that those who are engaged in these and other 
related areas should be conversant with the newer competitive surface 
engineering processes. The present book has been structured to provide 
assistance & guidance to the engineers, researchers and students in choosing 
the right process from the galaxy of newer surface engineering techniques 
using advanced heat sources. 
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Chapter 1 



WEAR, SURFACE, HEAT AND SURFACE 
ENGINEERING 



1.0 Introduction 

Surfaces of a solid are the bounding faces forming interfaces with the 
surrounding environment. Bulk of the material constitutes ‘bulk phase’ and 
the free bounding faces are known as ‘surface phase’. The surface of the solid 
retains sufficient free energy in order to remain in equilibrium with the 
surrounding. The environmental degradation of materials occurs due to 
interaction of the surface phase with the surroundings, a process called wear. 
Based on the types of interaction involving different environments with the 
solid material surface, the different wear processes are termed as abrasion, 
adhesion, erosion, corrosion and thermal. Wear is not an intrinsic property of 
the material and occurs due to interaction of the bounding faces with the 
working environment. It is therefore possible to control wear of materials by 
altering surface properties, The main surface properties, which are controlled 
for minimizing wear include surface energy, morphology, composition and 
hardness. The term wear surface engineering includes the processes for 
development of wear resistant surfaces. The surface engineering processes 
involving phase transformations and diffusion require heat energy. The 
quantum of heat required for the processes depends on the specific heat and 
latent heat of the material. The phase diagrams provide complete data on the 
concentrations and temperatures at which different phases are at equilibrium. 
These data can be gainfully employed in designing the processes and 
consumables. 

The advance heat sources such as rocket combustion, laser, plasma, 
electron etc are capable of producing higher heat intensities and energies. The 
advanced heat sources provided the impetus to the development of newer 
techniques and processes. The chapter covers brief discussions, including 
basic principles of wear and corrosion, surface properties controlling wear, 
use of heat energy in transformation processes, equilibrium diagrams and their 
use, heat sources and use in thermal processes for wear surface engineering. 
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1.1 Wear 

The interaction of exposed solid surface with the surrounding 
environment results in loss of material from the surface by a process known as 
wear. Wear of material occurs from those surfaces of the component, which 
are exposed to working environment. The definition does not include loss in 
dimension due to plastic deformation, although for all practical purposes wear 
has occurred despite no material removal. Wear is not an intrinsic property of 
the material but a system property. The wear environment or system envelope 
causing wear has been defined in DIN 50320. In accordance with DIN 50320, 
the performance of the material shall depend on the concerned wear system 
or system envelope (6) (Fig. 1.1.1). In a given system envelope (6) which is 
determined by the boundary conditions of the system, the wear shall occur 
only when the following conditions are satisfied:- i) There is a wear-causing 
counter-body or counter-material (1) in contact with the base material (3) 
or with the interposition of an intermediate material (2) of similar or 
dissimilar nature. The combination can be referred to as the wear mating, ii) 
There is a relative movement (5) between the wear mating components under 
load (4). The movement and the load factors are together referred to as the 
primary actions. 



(SYSTEM ENVELOPE^)") 
(LOAD(4)) 



(MOVEMENT^)) y p/v 

■NIKI A fivw KOT 



COUNTER 
MATERIALS ) 



PRIMARY 

ACTION 




INTERM- 

EDIATE 

MATER- 

IAL(2) 



(BASE MATE RIAL (3)) 

Figl .1.1 .WEAR SYSTEM 
(DIN 50320) 



WEAR 

MATING 



According to DIN 50320, the different wear processes are classified in four 
types based on wear mechanisms (Table 1.1.1). The interaction of solid 
surface with various kinds of counterbodies and wear envelopes can cause 
different types of wear. For example, counterbody may be another solid 
surface (resulting in adhesive wear), or abrasive particle (causing abrasive 
wear), or suspended particle in fluid media (resulting in erosive wear), or 
reactive fluid (causing corrosive wear) or heat (resulting in thermal wear) etc. 
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A more comprehensive classification (1) than that listed in Table 1.1.1, 
includes additional types like erosion, corrosion, thermal etc (Table 1.1.2). 



Tab.1 .1 .1 Classification based on Wear Mechanlsm(DIN50320) 



Wear Type 


Mechanism 


Adhesion 


Formation of interfacial adhesions(’weld') junction 
the action of molecular forces. 


Abrasion 


Grooving by scratching and micro-cutting 


Surface 

Fatigue 


Cracking at the surface due to stresses or strains 
varying in magnitude or direction. 


Tribological 

Reaction 


Formation of reaction products by a combined 
effect of tribological action between base material 
and counter-material and chemical reaction with 
the sorrounding medium. 



Table 1.1.2 Wear classification based on environmental interactions(l) 



Type /mode 


Inteacting Environment 


Control 


1. ADHESIVE 


Similar or disimilar material 


’Alter surface properties 
’Lubrication 


2.ABRASIVE 


Solid particles 


"Alter surface properties 


3.EROSIVE 


Suspended particles in 
fluid media / liquid jets 
(e.g.rain drops) 


'Alter surface properties 
’Change particle or jet 
impingement angle 
by changing design 
or use buffer plate 


4. CORROSIVE 


Reactive fluids/solids 


'Alter surface properties 
’Electrochemical means 


6. CAVITATION 


Collapsing bubbles 


"Alter surface properties 


6.THERMAL 


Heat 


’Alter surface properties 


7. FATIGUE 


Alternative/cyclic stress 


’Alter surface properties 
’Develop compressive 
stresses at surface 
















4 



Advanced Thermally Assisted Surface Engineering Processes 



Apart from system envelope and counterbodies, the wear process is also 
dependent on the surface properties, such as, surface energy, morphology, 
composition and hardness. The alterations in these properties provide the key 
for the development of wear resistant surface. 

In most of the surface engineering processes, the modified surface 
properties result in higher hardness. Amongst the mechanical properties, 
hardness at the surface has a major role to play in controlling various types of 
wear. 

General Wear Equation :-The general form of wear equation is based on the 
relationship developed by Holm (2) for electrical contacts and later work of 
Archard (3).The wear volume (V) is directly proportional to sliding distance 
(d) and applied normal force (FN) and inversely proportional to hardness or 
yield stress (H) of the softer surface as follows : 

V = K. FN. d 
H 

and the depth of wear can be expressesed as:- 

5 =K. FN. d 




where A = Area of Contact, V = 8 A and K = Wear Coefficient. 

The wear constant ‘K' is a proportionality number and is equal to wear 
volume for unit sliding distance with the applied normal force producing 
stress equals to hardness or yield stress of the softer material. Only material 
property included in the wear equation is the yield strength or hardness of the 
material. Surface modification processes for minimizing wear are therefore 
oriented towards the development of higher hardness or strength at the 
surface. 

The relation amongst different types of wear with the hardness of the 
materials are as follows:-. 

a. Abrasive Wear:- Hardness of abrasive (Ha) with respect to that of 
metal surface (Hm) is an important parameter for abrasive wear. The 
empirical relationship between the hardness of abrasive particles (Ha) 
and the hardness of abraded surface (Hm) can be expressed as follows 
(4): 
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Hm/Ha >0.7 for low wear 
Hm/Ha <0.7 for high wear. 

The transition from low to high wear takes place at a ratio of Hm/Ha is in the 
range of 0.7 to 1.1. 

b. Repetitive Impact Wear:- According to Zero Impact wear equation 
(5), hardness is directly proportional to both to N, the number of 
cycles for causing detectable wear, since shear yield stress is directly 
proportional to hardness :- 

H oc xy °c N, 

where H = hardness, xy - shear yield Strength, N = number of cycles to wear. 

c. Hot Hardness and Thermal Wear (6):- The wear volume (V) is an 
inverse function of hardness (H) or VH = K. Based on the room 
temperature K values and high temperature hardness (H) data, the 
wear volumes (V) at different temperatures can be calculated. The 
inverse of wear volume is the wear factor ( WF). 

d. Erosiom-Erosive wear (7) depends on hardness of the material and 
the angle of impingement, as follows: Vmax oc f (a.H), where a is the 
angle of impingement and H is the hardness of the material. 

For ductile or low hardness materials, wear rate increases with the 
increase in angle of impingement and reaches maximum (Vmax) at angle 
a = 18.5° and then decreases with the increasing striking angle. For brittle 
or high hardness materials, wear rate increases with the increasing angle 
of impingement and reaches the maximum value (Vmax) at a striking 
angle of 90°. 

e. Wear of Ceramics:- According to Evans & Marshall equation (8), 
wear volume (V) is inversely proportional to roughly H 3/2 or more 
precisely as follows :- 

H' 425 oc 1 /V 

Increase in hardness has a large effect in decreasing the wear rate. 

f. Wear ofPlastics:- With low hardness combined with narrow hardness 
range, there is very little effect of hardness on wear of polymeric 
materials. Compositional change by use of fillers can improve wear 
resistance of polymeric materials. Also morphological changes by 
plasma polymerization and co-polymerization can cause improvement 
in wear resistance. 
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Higher hardness materials are produced by modifying surface morphology 
and/or composition by processes, such as, carburising, coating by CVD & 
PVD, weld overlay and thermal spray. 

1.2 Corrosion 

Another major process leading to environmental degradation of material 
is known as corrosion, which is also referred to as corrosive wear'. In 
corrosion, the loss of material occurs through electrochemical reaction at the 
surface. Like wear' corrosion is also environment specific, i.e., corrosion rates 
need to be stated along with the specific environmental conditions. 

Principles of corrosion,: - 

The dissolution of metallic elements by formation of ions due to loss of 
electrons is known as anodic reaction; e.g., Fe — » Fe ++ + 2 electrons. Zn -» 
Zn ++ + 2 electrons which takes place in anodic areas. The reaction with water 
or oxygen with electrons from the surface is known as cathodic reaction, 
which occurs in cathodic areas. For example the hydrogen evolution reaction 
occurring at cathodic area can be expressed as follows : 



H 3 0 + + e -> H ads + H 2 0; H ads + H ads -» H 2 (gas). 



Similarly the oxygen reduction reaction occurs as follows : - 

0 2 + 2 H 2 0 + 4e -> 40H, 

ii: Corrosion Current and Corrosion Rate:-The rate controlling equation for 
corrosion can be expressed as follows: - 

C T = Co (AG* /RT) (1.2.1) 

where C T is the rate at T°K; Co is the rate at 0°K; R is the gas constant; AG* 
is the activation energy of corrosion reaction. By putting equation 1 .2. 1 in 
logarithmic form, and using energy terms as potentials and rates as currents, 
the relationship between corrosion current (Ic) and measured potential (E) of 
the specimen can be expressed as follows: - 

E - Ec = p.Iog I / log Ic, (1.2.2) 

where, E = measured potential of the specimen (current flowing), EC = 
corrosion potential (no current flowing), I = impressed current, Ic = corrosion 
current (no external current), and p = constant. Putting t] = E - Ec = 




Wear, Surface, Heat and Surface Engineering 



7 



overvoltage in equation 1.2.2, the relation between T] and Ic is expressed by 
Tafel’s equation as follows: - 

T| = p (log I -logic) (1.2.3) 

-1.5 



- 1.0 

> 

<5 



o 

o. 

0 



+0.5 



Fig. 1.2.1 : Schematic Polarisation Curve 

The plot oft] against (log I - log icorr) shall produce a straight line with slope 
p. P is known as Tafel’s constant. From the plots of anodic and cathodic 
reactions, the respective Tafel’s constants, PA & PB, can be obtained. The 
anodic & cathodic polarisation curves approach each other until the difference 
in potential between anodic and cathodic areas is sufficient to pass the 
resultant corrosion current across the resistance in the corrosion cell (Fig. 
1.2.1). The current and voltage at the intersection are known as corrosion 
current (Ic) and corrosion voltage (Ec) respectively. The rate of metal loss is 
related to corrosion current (Ic) by Faraday’s Law. 

Corrosion Rate (mpy) = 0.131 x Ic x Ew (1-2.4) 

P 

where Ew = Equivalent weight of the alloy and p = density of the alloy. 
Corrosive wear like other wear process is expressed in terms of loss in 
dimensions, such as mpy (mil peryear), pm/year, inch/year etc. 




Current 
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Variables affecting corrosion Important variables affecting corrosion are as 
follows:- 

i. Current and Voltage Schematic diagram for polarisation (anodic) of 
stainless steel in an acidic solution (Fig. 1.2.2) shows three regions, viz; 
active, passive and transpassive depending on the current and potential. 
The current density and corrosion rate are lowest in passive zone. The 
change from active to passive zone depends on the maximum current 
density, Imax, at Eph. Any increase in potential beyond Eph results in 
rapid fall in current density to a low value. Therefore Imax is a measure 
of the ease with which an alloy can be passivated. 




Fig.1.2.2. Schematic polarization curve(stainless steel in acid) 



ii. Composition Effect of different alloying elements on I max and Epp are 
shown in Fig. 1.2.3. Elements causing decrease in Epp and Imax are also 
responsible in reducing corrosion rates. In stainless steel, chromium 
addition is advantageous with respect to both Epp and I max , Sulfur and to a 
certain extent manganese can cause an increase in I max Molybdenum and 
copper addition results in a substantial drop in I max . The value of I max 
decreases with nickel addition. An increase in Epp occurs due to the 
addition of Ni, Cu and Mo. 

iii. Stress Applied or residual stress, particularly, the static stress in the 
material accelerates the corrosion process and may cause stress corrosion 
cracking. 

iv. Microstructure'.- Microstructural features need to be controlled for 
minimizing corrosion, e.g., the presence of brittle martensite in 
microstructure may result in early failure due to hydrogen embrittlement. 
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Also chromium depletion at grain boundaries may result in weld decay of 
stainless steel weld overlay. 

v. Moisture'. - Moisture normally enhances the corrosion rate, e.g., mild steel 
does not rust in air until the relative humidity of the atmosphere exceeds 
30%. 

vi. Salts, acid and alkali Salts although neutral, can get ionised in the 
presence of moisture and cause enhanced corrosion. 




Flg.1.2.3.EIT«ct of alloying elements on 
polarization of stainless steel in acid 

The non-oxidising acids, like HC1, may cause reduction in hydrogen 
overvoltage through profuse evolution of hydrogen. The oxidising acids may 
cause corrosion or may form a passive film depending on the stability of the 
protective film. 

Alkaline corrosion rate at room temperature is normally very low. 



Types of Corrosive Attack 

a. General Corrosion: -The average rate of corrosion on the surface is 
uniform in general corrosion. Uniformly corroded surface of an alloy is 
shown in Fig. 1.2.4. 

b. Galvanic:- When two dissimilar metals are in contact with each other in a 
conductive solution(electrolyte), the more anodic metal shall get corroded 
while the cathodic metal remains unaffected. For a metal pair in a given 
solution, the metal with anodic solution potential shall undergo 
accelerated galvanic corrosion. The direction of current is from anode to 





10 



Advanced Thermally Assisted Surface Engineering Processes 



cathode thus leading to corrosion of anodic material in a galvanic pair. 
The magnitude of current determines the rate of corrosion. 




Fig. 1.2.4 Uniform corrosion on the surface 
of a Ni-base alloy. ,X100 



For galvanic corrosion, the solution potentials of the galvanic pairs in 
a given solution provide a more dependable guideline in comparison to 
that of e.m.f values. For example, in a Zn-Al galvanic pair in aqueous 
solution, Zn with anodic solution potential dissolves in preference to Al, 
despite the fact that Al is anodic with respect to Zn in e.m.f. series. 

The surface area of contact between anodic and cathodic material is 
an important factor determining galvanic corrosion. In general, the 
smaller the surface of anodic metal compared to cathodic metal, the more 
severe is the corrosion of the anodic metal. 



c. Intergranular Corrosion : A common example of intergranular corrosion 
is weld decay. During welding or heat treatment of stainless steels, 
holding or slow cooling in the temperature zone of 500°C to 850°C, 
results in the formation of chromium carbides at grain boundaries. The 
chromium depleted grain boundary regions are susceptible to 
intergranular corrosion in a corrosive environment. Intergranular 
corrosion can occur in various copper alloys, such as aluminium brasses, 
silicon bronze, Muntz metal & admiralty metal, in applications involving 
high pressure steam. 

d. Parting Corrosion : The preferential removal of an element from an alloy 
by corrosion process is known as parting corrosion or selective leaching. 
Examples of parting corrosion includes, dezincification of brass (<85% 
Cu compositions) in water containing dissolved oxygen, denickelification 
in Cu-Ni alloy in fresh water and graphitic corrosion of grey cast iron. In 
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Fig.1.2.5 Parting Corrosion in CI.X150 



mild aqueous solution or in buried pipes and fittings, the iron is 
selectively leached away from grey cast iron leaving behind graphite 
network (Fig. 1.2.5). 

e. Crevice Corrosion : This type of corrosion usually occurs in recesses, 
crevices or enclosed areas produced by mating parts such as gaskets, 
sleeves or screw threaded fittings, where the access to oxygen for the 
entrapped liquid is restricted. The lower oxygen content of liquid 
entrapped in the crevices compared to freshly circulated liquid leads to 
formation of an oxygen concentration cell in which the metal surface in 
contact with low oxygen liquid shall get corroded at a fast rate. 

f. Pitting : This is a localised corrosion causing depression or pit formation 
on the surface. For example, stainless steels are susceptible to pitting 
corrosion in chloride containing solution. The addition of molybdenum 
(>2%) to stainless steels dramatically increases resistance to pitting. The 
pits or cavities formed at the surface act as stress raiser and may 
ultimately cause failure of the component. 

g. Stress Corrosion : When a component is subjected to high static tensile 
stress in presence of corrosive environment, stress corrosion cracking may 
occur. Stress corrosion cracking is mostly intergranular, but transgranular 
cracking may also occur. In addition to applied & residual stresses and the 
presence of certain chemicals, the alloy composition and microstructure 
are important variables affecting stress corrosion cracking. For example, 
brasses containing 20 to 40% Zn are highly susceptible to stress-corrosion 
cracking, while brasses with Zn content less than 15% are highly resistant 
to stress-corrosion cracking. Intergranular cracks in a stainless steel 
formed due to stress corrosion are illustrated in Fig. 1.2.6. 
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Fig.1.2.6.Stress Corrosion Cracking, X200 

Corrosion Prevention: - 

Similar to wear corrosion damage can be minimized by surface 
engineering processes. By suitably altering the surface properties, such as 
composition and microstructure it is possible to minimize corrosive attacks. 
Thermally assisted surface engineering processes used to minimize corrosion 
include the followings 

i. Thermally Spraying:- In thermal spraying, various types of coating 
materials are used to prevent the corrosive media from directly attacking 
the component's surface. The coating materials may be inert materials, 
such as polymers and ceramics, or metallic materials which are anodic to 
the substrate. Inert material forms a physical barrier between the metal 
and corrosive fluid. However, in the event of corrosive chemicals finding 
entry through the cracks or porosities in the coating, extensive corrosion 
of substrate material can result. The polymer and ceramic coatings are 
extensively used for protection of metallic surface against corrosion. 
Thermally sprayed dense ceramic coatings are used as seals in pumps 
carrying corrosive fluids. The surface pores of sprayed ceramic or 
metallic deposits are to be sealed to prevent ingress of corrosive media. 
The sealing is carried out by using a suitable sealant such as epoxy or wax 
or by fusing the surface by suitable a heat source, such as laser. Metallic 
coating of zinc on steel substrate continues to be effective even when the 
coating becomes discontinuous exposing the substrate to corrosive 
environment. Since zinc is anodic to steel and the area of exposed 
cathodic steel is small, zinc corrodes at a slow rate and the steel remains 
protected for a long period. 

Bridges and structures are protected by thermal sprayed zinc and 
zinc-aluminium alloy. Some of the Ni-Cr-B-Si-C self fluxing alloys are 
used for protection of splash zone in offshore well rig. WC-Co deposits 
improve life of sink rolls in galvanising plant. The Ni-Cr powder alloy 
provides effective coating on boiler tubes using high sulphur (1.5-5% S) 
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coal. Reinforcing steel bars for concrete structures last longer with epoxy 
coating. 

ii. Thermal diffusion of corrosion-resistant elements:- Surface layer can be 
enriched with corrosion resistant elements like Cr, Al, Si by thermal 
diffusion processes such as, chromising, aluminising & siliconising. 
Chromium enriched low carbon steel surface with more than 11% Cr 
offers corrosion resistance similar to that of 11% Cr-ferritic stainless 
steel. High chromium surface layer resists high temperature oxidation up 
to a temperature of around 1000°C. Al-enriched layer can resist high 
temperature oxidation up to 1200°C. 

iii. Weld overlay:-Working surfaces or the surfaces coming in contact with 
the corrosive fluids are coated with corrosion-resistant alloy to prevent 
the structure from corroding. Some recent applications of weld overlays 
for protection against corrosion include Hastelloy C276 on evaporator 
plate using sea water, AISI 410 with additional nitrogen for continuous 
casting rolls (prevents fire-cracking associated with stress corrosion 
cracking and corrosion fatigue) etc. 

iv. Cathodic protection: -The metallic component is made cathodic by using 
an impressed voltage by a sacrificial anode. For steel, commonly used 
sacrificial anode materials are Zn and Mg. The impressed voltage across 
the metal to be protected and an auxiliary anode (e.g., scrap iron) are 
provided a direct current source, such as battery. The sacrificial or 
auxiliary anode materials get corroded and are to be replaced periodically. 
Cathodic protection is used to prevent corrosion in offshore oil rigs, ships, 
buried pipelines etc. 

v. Anodic protection or passivation:- The active anodic materials can be 
made passive by using a overvoltage (Fig. 1.2.2) to form a passive film on 
the surface of the metal to be protected. The impressed voltage can be 
found from anodic polarisation curve for the metal in the given corrosive 
solution. For example, anodic protection of aluminium can be provided by 
forming a passive film of aluminium oxide with applied overvoltage. The 
process is known as anodising and the passive film remains even after the 
withdrawal of applied voltage. 

vi. In joining metals and alloys the best practice is to use same material as 
welding consumable. In joining two dissimilar metals a more noble metal 
than either of the two is to be selected as welding. 

High Temperature Corrosion & Control (9,10,11):- 

Thermally assisted deposit coatings are used to minimize high 
temperature corrosion in otherwise good creep resistance base material 
forming the bulk of the components. The corrosion reactions occurring at high 
temperature are as follows - 
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i) Oxidation:- The oxidation behavior of the material depends on the 
affinity for oxygen of the elements forming the alloy. A variety of oxides 
can form on the surface, but the resistance to further oxidation shall 
depend on the oxide forming a stable continuous film. The creep resistant 
low alloy Cr-Mo steels and low carbon steels (boiler quantity) are 
capable of withstanding temperatures up to 430°C, without appreciable 
oxidation. The high chromium (16-28% Cr) containing alloys, such as Fe- 
Cr (stainless steels), Ni-Cr (Inconels) and Co-Cr (Stellites) alloys, show 
excellent resistance to oxidation up to a temperature of 980°C, because of 
stable Cr 2 0 3 film. Due to volatile nature of Cr 2 03 at a temperature of 
1000°C, the high chromium containing alloys are susceptible to oxidation 
at and above 1000°C. The addition of aluminum (up to 5%) to the Fe-Cr, 
Ni-Cr, Co-Cr superalloys leads to the formation of A1 2 C>3 film, which is 
more adherent than Cr 2 C >3 and non-volatile at 1000°C. In a chromium 
containing alloy less aluminum is required to form aluminum oxide film. 
The aluminum and chromium containing alloys can withstand 
temperatures above 1000°C without being subjected to excessive 
oxidation. 

ii) Carburizing:-The hydrocarbon and carbon monoxide containing 
atmosphere present in processing equipments, such as, ethylene pyrolysis 
furnace operating at high temperature may lead to formation of carbides 
and consequent embrittlement of the alloys. High Ni and Cr containing 
alloys such as HK 40 (cast Fe-25 Cr-20 Ni), HP alloys (high Ni & Cr 
plus Nb, W, Mo & Si addition) or more recent one containing aluminum 
(Alloy 214) resist carburising. 

iii) Nitridation: - Nitrogen containing atmosphere e.g, ammonia in reducing 
environment can lead to the foimation of nitrides in nitriding steels, such 
as, chromium containing steels at a temperature of around 500°C. The 
formation of brittle nitrides can cause early failure of the component. 
Many austenitic stainless steels and nickel based alloys exhibit adequate 
resistance to nitriding in ammonia. 

iv) Halogen Erosion:- The attack from chlorine (without 0 2 ) at elevated 
temperatures is resisted best by austenitic stainless steels followed by 
ferritic stainless steels, cast iron, carbon steel in the order of decreasing 
resistance. For atmospheres with chlorine plus oxygen, Alloy 214 has 
shown good resistance at high temperature i.e.; 1000°C. In gaseous 
hydrochloric acid atmosphere, the use of Inconel 625 (Ni-20 Cr-Cb) and 
HastelloyC-4 (Ni-Cr-Mo) are recommended. 

v) Sulphidation: - The sulphidation reaction occurs due to presence of either 
H 2 S or S0 2 and salt causing sulphur deposition in oxidising atmosphere. 
The alloys which are used for resisting sulphidation are SS304, Hast-X, 
HA-188 and C 0 C 1 AIY. 
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vi) Molten-Salt Corrosion: -The molten salt corrosion or “hot corrosion” is a 
process of enhanced oxidation and fluxing that destroys protective oxide 
layers, results mainly from sodium and sulfur from the fuel and the gas 
stream. The molten deposits of sulphates (Na 2 S 0 4 ), chlorides (NaCl) and 
oxides (V 2 O 5 ) attack the base material after removal of protective oxide 
film. 

The hot corrosion process consists of two stages, viz., initiation and 
propagation. Since none of the known alloys is immune to attack from hot 
corrosion, hence the selection is restricted to alloy with a long initiation 
period .The recommended alloy should contain 10-12% Al, e.g., Co-20 Cr-12 
Al-0.5 Y. Deposit-modified corrosion or hot corrosion is observed in boilers, 
incinerators, diesel engines, mufflers of internal combustion engines, and gas 
turbines. 



Tab. 1.2.1 High Temperature Corrosion Service &Alloys(ref 11,12,13) 



Corrosion Type 


Service 

Tern peratu re/A pplic ation 


Coating Alloys 


1) Oxidation 


980 deg C 


Inconel 600/625.Hastelloys, 
Haynes Alloys. 230 / 1 88 / 25 


2) Carburising 


Ethylene Pyrolysis 


HK40 HP Type Alloys Alloy 
214 


3) Nitridation 


Ammonia, Nitric Acid, 
Melarrine and Nylon 66, 
Production Process 


Austenitic SS with high Ni 
and Co content 


4) . Halo gen 
i) Chlorine 


Metal production industries, 
viz, Tr. Zr, Nb, W &Ni 
Manufacture of TiQr , SiQr 
Manufacture of Ethylene 
Di chloride. 


C. Steel -»C.I -»FerrticSS 
-» Austenitic SS ( higher 
resistance - *) 


ii) Ck+Q* 


Calcination of La, Ce.for 
magnetic and electronic 
applications 


Alloy 214 


iii) Gaseous 
Hydrochloric 


Fleactor vessels, calciners 
& other equipments for 
above industries. 


Inconel 625 / Hastelloy C-4 


5). Sulphidation 


1) Hj H 2 S Mirture or S- 
vapour with Low Q, content/ 
Gas mixture in catalytic 
Fteforming units in 
Petroleum Refining 


Fe-Cr, Ni-Cr & Co-Cr alloys 
with higher chrorrium 
content. 




ii) Reducing gas 
environments containing Hj- 
H 2 O, CO, COj , H 2 S, with 
Qj activities high enough to 
form Cr 2 Qi 


HighCr alloys, 446, HK-40, 
HL-40, Inconel 657/ 671 & 
Haynes 6B, HR-160. 




iii) SOi bearing environment. 


Ni-Cr alloys with high Cr 


6). Basic Fluxing 


1) Na 2 Sa, 
n)V 2 0« 


Fe-Cr-AI 

Ni-Cr-AI 

Co-Cr-AI with 10-12%AI 
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The purity & type of fuel and air affect the hot corrosion process 
significantly. For example, the hot corrosion is observed more in industrial 
and marine turbine than aircraft gas turbine. For aircraft, a special low sulfur 
fuel, known as ATS grade is used. The various high temperature corrosion 
applications and the recommended alloys are listed in Table 1.2.1. Coating 
processes are discussed in the subsequent chapters. 



1.3 Surface Properties & Wear 

The surface engineering processes are designed to produce wear resistant 
surfaces by modifying one or more of the following surface properties:- 

• Surface Energy 

• Surface Morphology, includes macro- & micro-structures, and 
roughness 

• Surface Composition 

• Hardness 

It is important to know how these surface properties are related to wear and to 
design surface modification processes accordingly. 

Surface Energy :-The surface of the solid or the ‘surface phase’ retains 
sufficient free energy in order to remain in equilibrium with the surrounding. 
Surface free energy is comprised of energy at free surface, which includes 
energy due to grain boundaries, twin boundaries etc. Residual or internal 
stress retained in the grains due to deformation, thermal cycling or 
transformation add to the surface energy of the material. 

The effects of surface energy on wear and fracture of the materials are 
listed in Table 1.3.1. Surface energy is directly related to wear volume and 
friction coefficient. Alison et.al, (12) have calculated the amount of stored 
energy per unit volume, E, in the surface region of fully abraded material 
based on following equation:- E = / g p (M/Wp), where, p = density, W = 
Load, g = acceleration due to gravity, / = the fraction (incremental) work 
done in causing the specimen to slide on the abrasive surface (0.1% to 0.5% 
for the fully abraded, work - hardened surface), p = frictional co-efficient, M 
= mean wear per cm. The calculated E value is approximately 10 8 ergs / cm 2 
equivalent to ~10 12 dislocations/cm 2 . Assuming / as constant for different 
metals, Alison et.al, (13) found a linear relation between E, (surface energy in 
the abraded metal) and H (microhardness) in hexagonal metals. The relation 
between E and H for cubic metal was found to be parabolic. 

Low solid-vapor surface energy (ysv), large dihedral angle (Qs), less grain 
boundary precipitation and segregation causing promote toughness. 
According to Smith (14) after prolonged annealing i.e., at equilibrium, the 
dihedral angle (fis) is a function of the surfaces and grain boundaries 
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involved. At the equilibrium configuration the dihedral angle is related to 
surface (ysv)and grain boundary (ygb) energies by the following equation: - 

ygb = 2.ysv .cos ( Qs / 2) la.2 

With smaller grain diameters (d), larger number of grains results in higher 
total grain boundary energy at the surface. Grain boundaries offer resistance 
to dislocation movement. Hence more number of smaller grains compared to 
less number of large grains in the same surface area shall offer more resistant 
to dislocation movement Small grains lead to improved yield strength and 
fracture toughness. 



Tablel.3.1 Effect of surface energy on wear and fracture 



Relations 


Properties 


References 


7 ocMja 
P 


M=mass,p = density 
p = friction coeff. 


Alison's 

equation 


TSV occos Q 


O = dihedral 
angle 


Smith's equation 

' 


2 

yss CC a 
c 


a = applied stress, 
c= crack length 


Griffith's equation 


^ y « Wear 
H 


H =hardness 


Robinowitz 


ySF ac 1/WH 


WH= work hardening 

y SF = stacking fault 
energy 


Meyer's index 


T SF/H oc Wear 


Except for Cu-Zn & 
CunAI alloys 


Blau 


ySF cc creep 
strain 


Creep resistant 
alloys have low ySF 




aR ocl 1 fatigue 
strength 


a R = compressive 
residual stress 





The solid-solid surface energy (yss) has been calculated from the 
measurement of fracture stress a at various temperatures using Griffith 
equation of fracture. 

Griffith’s equation on stress required (a) to form a crack of a length (2a) 
is as follows:- 
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a = ( 2 .vss. E) l/2 
7i a 

where, yss is surface tension and E is Young's modulus. 

Hall & Petch equation (15) relates yield stress (ay) with grain size (d) as 
follows:- 

ay cc d ' l/2 

Finer grains improve yield stress and the toughness of the materials. Wear rate 
is inversely proportional to square root of grain size ( 1 ):- 

Wear rate oc d 1/2 

Robinowicz’s (16) equation relates surface energy (ysv), hardness (H) and 
wear as follows 

ysv/H oc Wear rate 

Lower surface energy (ysv) and higher hardness reduces wear rate. Blau (17) 
found following relation between stacking fault energy (ySF), hardness (H) 
and wear: 

ySF/H cc Wear rate 

Lower stacking fault energy (ySF) leads to more faulted areas (twins) causing 
less wear. 

The effects of different types of surface energy and wear including 
fracture are listed in Table 1.3.1. 

Surface Morphology: The morphological features of the surface in both 
macro-and-micro levels are important factors governing the wear and 
corrosion behavior of the material. On the macro-scale, the surface roughness 
or general topography of the surface can be considered as the index for 
surface morphology. The use of a microscope enhances the possibilities of 
studying the finer details, such as, grain and grain boundaries, different 
phases, defects, porosities etc, the amount and distribution of which affect the 
surface properties. 

Surface Roughness (18) : The shape of a solid surface in terms of roughness is 
the deviation of the solid's actual topography from its nominal surface. The 
surface roughness is expressed normally as the statistical average of 
undulations in wavelength or height distributions with reference to a line 
parallel to the nominal surface (19). The roughness of solid surface or surface 
topography or texture or shape influences the interactive processes of the 
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surface with the environment. Dawson’s (19) work on pitting was probably 
the first quantitative relationship between surface roughness and wear. 
Smooth surfaces are less prone to pitting. Dawson in his disc type wear tests, 
found that for a small slide/roll ratio, the increasing oil film thickness reduces 
the pitting tendency and the more important factor controlling pitting is the 
ratio of surface roughness to oil film thickness, i.e., the 'D' ratio. The 
correlation between the number of revolutions before pitting occurs and the D 
ratio is almost linear over a 500-fold variations in D-ratio. Onions and 
Archaid (20) repeated the experiment using actual gears and discs, and found 
that the life was dependent on ‘D’ -ratio for both disc and gear. However 
using the same material, the life of a gear was found to be one-hundredth of 
the discs. Fatigue failure of clean steel, i.e.; inclusion-free steel, is strongly 
dependent on the ratio of film thickness to surface roughness, i.e., D ratio. In 
view of improvements in steelmaking practice resulting in the production of 
inclusion free steels, the bearing industries are now have to concentrate on 
surface roughness of the bearings. The surface roughness also plays an 
important role in the failure of gears by scuffing. The fatigue strength of 
shafts possessing different UTS are evaluated over a range of surface 
roughness for 10 7 reversals (Fig. 1.3.1). The fatigue strength of shaft with 
same UTS has been found to decrease with increasing surface roughness 
values (1). For example, for a 80 t.s.i (llOOMPa) shaft, the polished surface 
with Ra of 0.25 to 0.5 micron (A) resulted in a fatigue strength of 40 t.s.i 
(550MPa), ground surface of Ra as 1.0 to 1.5 micron (B) indicated fatigue 
strength of 35 t.s.i (480 MPa) the HVOF sprayed surface ofR A is 1.5 to 2.2 
micron (C) had the strength of 30 t.s.i (410 MPa) and the milled surface of 2 
to 2.5 micron (D) resulted in fatigue strength of 27 t.s.i. (370 MPa). The 
HVOF process of deposition of material on the surface generally has no effec t 
on fatigue strength excepting slight increase in certain cases due to surface 
preparation by grit blasting before spraying. The relation, between surface 
roughness and wear properties are summarized in Table 1.3.2. 



FATIGUE 

STRENGTH 




FIG.1.3.1. FATIGUE STRENGTH Vs. SURFACE FINISH 
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Table 1.3.2. Surface Roughness and Wear Properties 



Surface Roughness(SR) 


Properties 


Application 


I.Very low SR (less lubrication) 
2.S. R/oil film thickness(D ratio) 
3. SR 

3i.Hardened shaft(SR) 
3ii.Nitrided shaft(SR) 


directly related to wear 
directly related Pitting 

inversely related to fatigue life 
ditto 
ditto 


Galling or Seizure 
Gears 

Clean bearing steel 



Surface Microstructure : The wear of materials depend on the type, amount 
and distribution of different phases present in the surface. Micro-constituents 
of crystalline materials consist of grains (of single or multiple phases), 
precipitates, inclusions and defects. The type of matrix (e.g., hard martensitic 
or soft austenitic) along with the amount and distribution of other micro- 
constituents, such as, precipitates (carbide/boride/aluminides/silicides), 
inclusions (MnS, Si 0 2 , AI2O3), twins etc. are important factors affecting the 
wear & other propertie s of the material. 

• Grain size : Finer grains of the modified surface shall result in 
improved wear and crack resistance properties. Grain refining process 
is thus a recommended step for refining coarse grained structure 
produced by surface hardening treatment such as carburising. 

• Matrix structure: Hardness and the wear resistance of a medium 
carbon steel increases as the matrix changes from pearlite (+ferrite) 
through bainite to martensite. While martensitic matrix has been 
found to cause least wear in case hardenened surfaces of gears, shafts, 
pinions, axles etc, fully pearlitic fine structure has shown low wear in 
railroad rails. The rapid workhardening of the tough austenitic 14 % 
Mn steel (Hadfield steel) under repetitive impact load results in 
highly wear resistant surface. The material is extensively used as weld 
overlays for railway crossings, crushing hammers, crusher mantle etc. 

• Other phases: Fine, uniformly distributed hard precipitate phases, 
such as carbides, borides, aluminides, silicides lead to improvement 
in the wear resistance properties of the material. For example in a Ni- 
Cr-Fe-Si-C alloy used for hard facing engine valves the amount and 
distribution of carbides and silicides play an important role in 
determining the high temperature wear properties. 

• Inclusion: The presence of elongated type-II, MnS inclusion can lead 
to lamellar tearing (21), whereas uniformly distributed fine sulphide 
inclusions improve mach inability. The subsurface inclusion is partly 
responsible for flaking of surface layer from the weld overlay of 
railway crossing (22). 
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• Point, line and plane defects :- The presence of point defects leads to 
distortion of the lattice and therefore higher applied stress is required 
to cause deformation. The yield point phenomenon in carbon steel has 
been explained as due to the stress required to separate carbon atoms 
associated with the lattice defects. The movement of line defects or 
dislocations leads to deformation of materials by the process known 
as slip. The deformation process leads to the formation of work- 
hardened surface areas with high dislocation density. The work 
hardened surface of the pre-stressed or stressed in-situ during use 
shows low wear rates. 

Plane defects are the boundary regions separating materials of same crystal 
structure but of different orientation. Some examples of plane defects are 
grain boundaries, stacking faults and twins. In low stacking fault energy 
materials, such as FCC metals (Fe, Cu), fault occurs in the stacking sequence 
resulting in the formation of FICP structure in the faulted region. The stacking 
fault in the lattice also interferes with the slip process. Some of the effects of 
micro-constituents on wear are listed in Table 1.3.3. 



T able 1 .3.3 Effect of Mcroconstttuenls on Wear Behavtor(1) 



Microconst iluents 


SEe/ShapedDistribution 


Wear /ref 


1 . Grains 


Gmall/equiaxiat/uniform 


High YS/tow wear 


2.Martensitic matrix 


Twinned Acicular’ 


High loughness/low wear 
High hardness dow wear 




lath martensite** 


Ultra high strength/low weart 


3.Pracipilates 


Fine/d iscrete/uniform 


High hardnessdow wear 


4. Hard carbides/nitrides 


Finedayered deposit 


High hardness/lowwear 


borides/silicides 


in Thermal spray process 




in coalings 


in Spray fused deposit”* 




5.Aluminide$ 


in Vapour phase deposit 
in Weld overlay”* 
Rne/discreteAiniform 


Improves creep rupture properties 


e.g.,NlaAJ 




Improves Oxidation resistance^ 1000) 


6. TCP phases 


Ftna/discreleAmiform 


Improves high temp.wear resistance 


e.g.. NI 3 SI 
7, Glassy structure 


Amorphous 


Improves wear & corrosion properties 


(cooling rate>10 4 K/s) 







'<0.5-1 .0%C-sl«eJ> ** (managing steel matrix) ’"(metal matrix) 
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Surface Composition Surface composition plays a leading role in resisting 
wear. Large numbers of thermally assisted processes have been used to alter 
surface composition in order to minimize wear. The capacity of a given 
surface to resist wear is improved by either altering the surface composition 
or by coating the surface with a chemistry conforming to that of a wear 
resistant material. 

The role of composition in minimizing wear can be summarised as 
follows 

i. In the processes for modification of original surface:- 

• thermal cycling process: - Composition of steel in induction or flame 
heated surface should be such as to form martensite during quenching 
in specified quenching medium. The cooling rate should exceed the 
critical cooling rate, and material should be cooled through Ms-Mf 
range. Critical cooling rate, Ms, Mf & Ms-Mf range depend on the 
composition of the steel. The addition of carbon & other alloying 
elements in general reduces the quenching severity required for 
martensite formation. By thermal cycling there is no change in 
surface composition excepting the formation of a thin decarbuzied 
layer. 

• diffusional processes :Diffusion of interstitial and or substitutional 
elements leads to increase in alloying elements in the surface layer. 
The addition of Interstitial in the surface layer allows martensite to 
form in this region on quenching. The additions of substitutionals like 
Cr, Mo, improve corrosion & wear resistance of the enriched diffused 
layer at the surface. 

ii. Coating Processes: Fresh wear resistant surface layer is added in the 
coating processes. However the base material surface compositions may or 
may not change depending on the process employed. 

• thermal spraying & PVD Base material composition is not affected. 

• spray fusion & CVD:- Diffusion of coating material occurs in the high 
temperature CVD and spray fusion processes. 

• welding:-: The mixed weld pool containing molten consumable and 
the surface layer of the base metal has different composition than that 
of the consumable electrode or base metal. Thus the dilution of the 
weld overlay by elements from base metal occurs in welding 
processes. The high dilution can drastically change the wear 
resistance properties of the weld overlays. 

Surface Hardness:- High hardness in the surface layer is normally developed 
by controlling the surface composition and microstructure. Hardness of a 
surface is inversely proportional to the wear rate. Thermally assisted surface 
engineering processes are designed mostly to increase the surface hardness to 
a level where the particular type of wear can be reduced to a low value. Some 
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of the widely used wear surfacing processes, like welding & thermal spraying 
are called hardfacing. The wear resistant consumables are known hardfacing 
alloys. The surface hardness is the commonly accepted index for wear in 
hardfacing industry. 



1.4 Heat Energy & Thermal Processes in Surface Engineering 

The heat energy is used to modify the surface properties, such as, 
morphology and composition in the thermally assisted surface engineering. 
Tire heat energy is primarily used to carry out the unit processes in surface 
engineering such as solid state transformation, diffusion, melting and 
evaporation. Materials are heated to high temperatures for structural 
transformation or for faster diffusion of elements or to melt a thin layer in the 
surface. Alternatively, the wear resistant coating materials are deposited onto 
the substrate as molten or semi-molten or vapor phase. Materials differ in 
their heat requirements to attain the same temperature level, due to differences 
in their specific heat values. For phase transformation to occur at the 
equilibrium temperature, additional heat equivalent to the latent heat of the 
transformation is to be supplied or abstracted. Following phase rules, the 
boundaries amongst the thermodynamically stable phases in equilibrium at 
different temperatures and concentrations are shown in the phase diagram. 
Phase diagram has been used to design various surface engineering practices. 
The thermal processes, like, diffusion, vapor phase deposition, welding and 
thermal spraying can be carried out by using different heat sources, such as, 
combustion, plasma, laser, electron, ion etc. 

Heat Energy 

The heat unit is defined as the heat energy required to raise the 
temperature by 1 degree for a unit mass of water. The correlation amongst the 
different energy units are as follows 

1 Kcal = 1000 cal = 3.968 Btu = 4186 Joules; 1 Btu = 2520 cal = 777.9 ft.lb; 1 
eV = 3.827 x 10' 20 cal = 1.519 x 10‘ 22 Btu = 1.602 x 10' 19 Joules. (1 joule = 1 
watt-sec 1 watt= 1.341 x 10' 3 HP = 0.7376 ft-lb/sec = Btu/h = 0.2389 cal/sec). 

Specific heat & heat capacity 

The ratio of heat AQ supplied to a body to its corresponding temperature 
rise AT is the heat capacity, Ch of the material. The heat capacity, Ch, is thus 
the heat input required per unit temperature rise. The heat capacity per unit 
mass of a body is called specific heat ‘C’, where 



C = C h /mass = AQ/AT 
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or temperature rise in the material, AT = AQ/mC, where m is the mass of the 
material. 

Higher heat input, AQ, is required to raise the temperature to the same 
extent (i.e., same AT) for larger mass of materials or materials of higher 
specific heats. 



Tab. 1.4. 1 Specific heat and molar heat capacity of some solids 



Materials 


Sp.heat, Cp 
cal/gm °C 


Atomic weight 
gm/mole 


Molar heat 
capacity 

cal/mole°C 


C 


0.121 


12.0 


1.46 


Mg 


0.2436 


24.3 


5.92 


A1 


0 215 


27.0 


5.82 


Cu 


0.0923 


63.5 


5.85 


As 


0.0564 


108 


6.09 


Ni 


0.1047 


58.7 


6.14 


W 


0.0321 


184 


5.92 


Fe 


0.1047 


56 


5.86 



Specific heat varies with temperature, pressure and volume. To obtain a 
unique value of C, the conditions need to be specified, such as, constant 
pressure Cp, or constant volume Cv. The molar heat capacity (specific heat x 
molecular weight) increases rapidly with temperature and reaches a limiting 
value of 3R = 6 cal/mole at Debye characteristic temperature, 0, or higher. 
Few exceptions to this rule includes carbon. (Table 1.4.1). 

Free energy and latent heat for phase changes: - 

The polymorphic or phase changes occur by a decrease in free energy, 
with lower energy phase becoming stable. The change in free energy (AF) is 
related to change in internal energy (AE) and the entropy change (AS) as 
follows:- 

AF= AE - TAS, 



where S can be expressed in terms ofc p , as follows 

S = oF(Cp/T)dT 
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The free energy decreases as the temperature increases. The free energy 
decreases rapidly with increasing specific heat., The phase with lower free 
energy is the stable phase. According to free energy considerations, the WC 
phase is least stable compared to TiC, TiN, & A1 2 0 3 over the whole range of 
temperatures for applications of tungsten carbide cutting tools. For example, 
over a temperature range of 600-1800K, free energy of formation of WC is 
approximately (-) 5 Kcal g-atom' 1 , compared to that of TiC as approximately 
(-) 20 Kcal g-atom’ 1 (23). The free energy values for TiN & A1 2 0 3 are much 
less. This is the main reason for coating tungsten carbide with more stable 
compounds such as TiN, TiC or A1 2 0 3 . The vapor phase deposition of the 
coating materials on WC lead to vast improvement in the wear resistance of 
carbide cutting tools. During the phase transition occurring on heating or 
cooling, practically all the energy is absorbed or liberated in terms of heat, 
and in such cases the change is sensibly equal to the latent heat, AQ, which 
can be measured calorimetrically. Since the free energies of the old and new 
phases are equal at the change point, AF = 0, and thus 0 = AE - TAS, or 

AS =AE/T = AQ/T, 

The entropy change is thus the latent heat divided by the transition 
temperature. Due to differences in cohesion, the latent heats of melting are 
spread widely over the range of 500 to 5000 cal./mol. Since the melting point 
also increases with increasing cohesive strength, the entropy of melting (latent 
heat divided by melting point, AQ/T) is insensitive to differences in cohesion. 
In fact, the entropies of melting most metals fall in the range of 2 to 5 
cal/deg/mol. The latent heat of fusion data for some materials are given in 
Table 1.4.2. 



Table 1.4.2 'Enthalpy of Phase 



Transitions (AH/kJmol' 1 ) 



Material 


Enthalpy 
of Fusion 


Enthalpy of 
Vaporisation 


NH3 


5.633 


23.4 


Hg 


2 33 


58.1 


Ag 


11.3 


254 


Na 


2.601 


98.01 



The phase transitions include evaporation (AH vap = enthalpy of vaporization 
or latent heat of vaporization), melting or fusion, (AH me | t ) and changes in 
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crystal form or transition (AH trans). The total heat required for phase 
transformation = Heat required to rise the material to transition temperature 
by AT + Latent heat for the transformation = AQ +AH = AT.m.C +AH. 

The melting of pure metals and compounds and also the polymorphic 
changes are called first order changes where entire transition occurs at a 
single temperature, since the heat (latent heat) is absorbed without a rise in 
temperature. 

Melting 

The heat required for melting a material at the melting point is the latent 
heat of fusion plus the heat required to raise the temperature to the melting 
point. Heat required for melting = AQ (AT m C) + AH mC | t . The latent heat of 
melting increases with the melting point of the material, thus requiring more 
heat for melting high temperature materials. Surface melting in a short span 
requires a high intensity heat source like laser. For fast melting of 
consumables in welding or thermal spraying arc, laser, plasma and electron 
guns are used. 

Vaporization & Condensation 

A solid like liquid has a definite but low vapor pressure. The vapor 
pressure of solid increases with temperature. The change from solid to vapor 
is accompanied by analogous change from liquid to vapor, by absorption of 
heat, i.e., the latent heat of sublimation, represented by Ls cal. per mole. 

Using Clapeyron-Clausius equation for solid-vapor equilibrium: 

dp = Ls . 

dt T(Vv-Vs) 

By neglecting the volume of solid Vs with respect to Vv, and assuming latter 
behavior corresponds to that of an ideal gas (i.e. pVv = RT), the following 
equation can be derived: - 

djnp = Li - AIJ 
dt RT 2 RT 2 

where AH = Ls and represents the heat absorbed at constant pressure per mole 
of solid vaporized. Some data on the enthalpies of phase transition during 
melting and vaporization are given in Table 1.4.2. 

The heat required for vaporization of a material at the melting point is the 
enthalpy of evaporation plus the heat required to raise the material to the 
vaporization temperature. 

Heat required for vapourisation = AQ (AT m C) + AH vap 
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The enthalpy for vaporization is several fold higher than enthalpy for melting. 
Thus the heat required for evaporation is much more than that of melting. The 
rate of evaporation of atoms from the surface is expressed by derivatives of 
Langmuir equation as follows (24):- 

J = 5.83 x 10' 2 (M/T) 1/2 7t 

where J = flux in g/cm 2 .s; T = degree Kelvin; M = atomic weight of 
evaporating species; pi = vapor pressure of the evaporating species in torr. 
The evaporation equation is valid only for evaporation in perfect vacuum. The 
vapor pressure is an exponential function of the temperature and therefore, the 
rate of evaporation increases dramatically where the surface temperature is 
high. The heat sources for evaporation normally consist of rays and beams 
(plasma, electron and ion etc) which can be focused to small areas to develop 
high heats required for higher vaporization. In a multi-component system the 
vapor pressure of any component varies from its pure state vapor pressure by 
the relationship 



Pi = ai.Pi 



where pi = actual vapor pressure of the component, ai = activity (approxi- 
mately concentration) of the component in the system, Pi = vapor pressure of 
the component in its own liquid (or solid) at the same temperature. The 
evaporation rates of different components in a multiphase alloy can vary 
widely depending on the concentrations, vapor pressures and the melting 
points of individual species. 

Unlike other evaporation processes, sputtering permits transformation of 
the original material to the vapor phase as a direct result of impulse ablation 
of the target without any intermediate liquid phase. Also there is less danger 
of decomposition in a multi-component alloy than in the case of electron 
beam induced vaporization (25). 

When the substrate is held at very low temperature, vacuum evaporation 
and subsequent condensation of the vapor on the substrate may lead to the 
formation of amorphous phase. Other alternative is to form volatile 
compounds like halides of the metal to be deposited, where a wider choice of 
heat source is available. In chemical vapor deposition process, the vapor 
phase can be a reactive gas or volatile compound, such as CO or metal halide 
(e.g. AlClj) which decomposes on substrate surface resulting in deposition of 
metallic or nonmetal elements. In CVD, the substrate is also heated. 

1.4.1 Phase Rule & Phase Transformations 

In a condensed system (where effect of pressure is not included), 
containing C numbers of components, and P number of phases in equilibrium, 
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thermodynamic considerations lead to allowed degrees of freedom, F, as 
follows:- 

F = C - P + 1 

The phase or equilibrium diagrams defining the phase boundaries of alloy 
systems with the variation in temperature and concentration are drawn in 
accordance to the phase rules. Phase diagram is the blue print of the alloy 
system. The diagrams can provide information on the complete range of 
possible alloys & phases at different temperatures and compositions at 
equilibrium in multicomponent systems. The available data include the 
followings :- 

i. Eutectic, eutectoid, peritectic transformation take place at a fixed 
temperature & composition. For example, at eutectic or peritectic point, 
the degrees of freedom (F) for a binary system (C = 2) with three phases 
(P = 3) involved is zero, and therefore no change in temperature or 
concentration can occur until the transformation is complete. For ternary 
system, four phases at equilibrium leads to eutectic transformation. 

• Eutectoid reaction (Fig. 1.4.1), at 727°C/0.77% C, y — > a +Fe3C, 

leads to pearlite formation. In eutectoid, hard & soft phases are 

uniformly distributed (Fig. 1.4.2) resulting in strong, tough and wear 
resistant material. Pearlitic steel (0.8% C) is used for as 90 kg rails to 
resist wear in high GMT (gross million tons carried over the rails per 
year) tracks. 

• Peritectic reaction, at 1495°C/C 0.17, Liquid + 8 — > y leads to 
decrease in delta ferrite content. To reduce the hot cracking austenitic 
stainless steel weld overlay, minimum of 4% delta ferrite is required. 
Fast cooling of the weld ensure presence of delta ferrite (> 4%). 

• Eutectic reaction (Fig. 1.4.2), at 1148°C/4.3% C, Liquid -> y + Fe 3 C, 

leads to the formation ledeburite eutectic (Fig. 1.4.3), which has a 

herring-bone type structure. Ledebuite containing alloyed white Cl is 
used for weld overlay to resist abrasive (mining) or erosive wear (ID 
fan). 

ii. Melting points & solidification temperatures of alloys conforming to any 
composition of the system can be obtained from the equilibrium diagram. 
Eutectic composition is the lowest melting point alloy in the system. The 
near eutectic compositions in hypo- and hyper- ranges are the low melting 
alloys in an alloy system. Low melting point alloys are used in designing 
low heat input hardfacing consumables for welding and thermal spraying. 
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Fig. 1.4.1. Fe-Fe 3 C Equilibrium Diagram ( — lines represent Fe-C 
diagram) 




a 
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Fig. 1.4.3. Ledeburite Eutectic in Alloyed Cast Iron 



A series Ni-Cr-B-Si alloys fusing in the range of900-1050°C has been 
used in a large number of industrial applications involving steel or cast iron 
substrate. The quaternary diagrams comprising of Ni-Cr-B-Si has been used 
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to find the equilibrium phases and their amounts & fusion temperature ranges. 
In these alloys, the formation of har d borides and silicides are responsible for 
making the deposits wear resistant (1). 

iii. Information on transformation temperatures and thus the heat treatment 
& hot working temperatures of the composition conforming to that of the 
work piece can be obtained from phase diagram. In Fe-C system, the 
austinising temperature varies from 910°C(C « .01%) to 723°C (0.8% C). 
For the heat treatment operations, such as carburizing, annealing etc., 
involve heating up to y-region. The optimum temperature close to phase 
boundaries is normally selected since higher temperatures lead to grain 
coarsening & embrittlement by grain boundary melting. 

iv. Diffusion of elements in an equilibrium system follows the phase rule. In a 
binary system, diffusion can occur in single phase region (F = 2 - 1 + 1 = 
2), concentration can vary even if temperature remains fixed. For 
example, in Ni-Cu system, Ni and Cu are soluble in each other over the 
entire range of temperature and composition without any intermediate 
phase formation, and therefore Ni-Cu diffusion couple at 700°C shall 
result in a gradual concentration gradient of Cu in nickel substrate (Fig. 
1.4.4a). However, if there is an intermediate phase formation, then F = 2 - 
2+1 = 1 , and at a fixed temperature there is no change in concentration. 
For example in Cu-Ag diffusion couple at 700°C, the diffusion of Cu in 
Ag shows a sudden discontinuity at the two phase interface due to a stable 
phase formation (Fig. 1.4.4b). 




Fig.1.4,4a Concentration gradient 
in Cu-Ni diffusion couple 
(Schematic) 



Fig1.4.4b.Concentration gradient 
in Cu Ag diffusion couple 
(Schematic) 



Therefore the formation of a second stable phase, such as stoichiometric 
compound with no measurable solid solubility shall restrict the diffused 
layer at a very thin coating thickness of up to the interface with the 
compound. Also the compound should act as a diffusion barrier to further 
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diffusion of coating elements inside the substrate at the elevated service 
temperatures, and thereby reducing the chances of embrittlement at 
greater depth and alteration in coating composition. 

Beyond binary nitrides and carbides, further development of wear 
resistant coatings by vapor phase deposition include innovative hard 
compounds belonging to ternary and quarternary systems such as Ti-Al- 
N,Ti-Zr-N and Ti-Al-V-N (26). For example, in a ternary Ti-Al-N system, 
the formation of a stable thin oxide layer on the (Ti, A1)N coating when 
used at high temperature shall serve to diminish diffusion from or into the 
coating. The diffusion wear is one of the main wear' mechanisms affecting 
cutting tools, the drastic reduction of which shall result in vast increase in 
tool life (25). 

v. Phase stability at different temperatures: - It is possible to stabilize a high 
temperature phase to room temperature by altering compositions as 
required by the equilibrium diagram of the components. 

For example, high temperature austenitic phase is made stable at room 
temperature with the addition of 18% Cr and 8% Ni to low carbon steel. 
Surface alloying by laser fusion or by diffusion processes are used to alter the 
surface compositions, so as to form wear' and corrosion resistant phases at the 
surface. The addition of 10% MgO to Zr0 2 results in the stabilization of cubic 
phase. Without stabilization, zirconia rapidly transforms from a monoclinic to 
a tetragonal form and back again upon heating and cooling. Thermal 
expansion and contraction associated with transformations occurring during 
thermal cycling lead to cracking in unstabilised Zr0 2 coatings. The stabilized 
Zr0 2 is used extensively as thermal barrier coating material in gas turbine and 
diesel engine components. 

Equilibrium & Reaction Kinetics: The diagrams based on phase rules or phase 
diagrams of different systems provide information on the possible equilibrium 
phases in a system, which can exist over the range of compositions and 
temperatures. However the kinetics would ultimately decide the course of the 
reaction. For example, the thermodynamically stable phase in Fe-C system 
(Fig. 1.4.1) is graphite, but the slow reaction kinetics of graphite do not favor 
its formation, The carbide is formed on normal cooling from equilibrium 
temperatures. The fust stage graphitization requires heat treatment for around 
10 hours at 925°C to decompose carbides into equilibrium phases, namely, 
gamma and graphite. For second stage decomposition of gamma into alpha 
and graphite it requires holding at eutectoid temperature range (760-700°C) 
for around 25 hours. The decomposition reactions are faster at higher 
temperatures and thus possible to reach equilibrium faster at higher 
temperatures. 
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Rapid solidification process (RSP) of the thin molten layer leads to the 
formation of fine crystalline to amorphous material depending on the cooling 
rate. Rapid solidification from liquid state can result in following three types 
of metastable metals and alloy, viz., supersaturated solid solutions (solute 
atoms retained in the parent lattice in excess of equilibrium concentration), 
non-equilibrium crystalline phases, (rapid quenching from liquid, can lead to 
the formation of a crystalline phase which does not exist under equilibrium 
conditions), and amorphous phases (if crystallization process can be 
suppressed by rapid quenching from melt, vapor or solution, amorphous state 
can be obtained). Rapid cooling from austenitising temperature results in the 
formation of non-equilibrium phases such as bainite and martensite depending 
on the cooling rates and compositions. 



1.4.2 Surface Property Modification &Thermal Processes 

In thermally assisted surfacing processes the heat energy is used for 
making changes in surface properties, such as morphology, composition and 
energy in order to develop the required wear resistant properties. The thermal 
energy is used for either altering the existing surface properties or depositing 
suitable wear' resistant coating (Table 1.4.3). 

Thermal cycling is used to change the ferrite-pearlite structure to hard 
martensite in alloy or medium carbon steels. On rapid cooling from 
austenitising temperature, the transformation of austenite to mar tensite results 
in the formation of a hard wear' resistant surface layer. Surface melting in a 
short span requires a high intensity heat source like laser Rapid solidification 
of laser melted thin surface layer can result in the formation of glassy or 
amorphous structure. The surface with amorphous structure has excellent 
corrosion resistance properties. 

Diffusion of substitutional alloys like chromium or aluminium produces 
high chromium or aluminium containing wear' and hot corrosion resistant 
surface. Diffusion of interstitial elements, like carbon or nitrogen to low 
carbon steel surface produces interstitial enriched surface, which on rapid 
cooling results in the formation of hard wear' resistant martensite. 

The coating of wear' and corrosion resistant materials leads to the 
formation of a new surface with altered composition and morphology. In 
fusion welding the base metal also melts forming a molten pool along with 
wear' resistant alloys. In thermal spraying the composition of base material 
remains unaltered. High temperature CVD process is accompanied by 
diffusion of coating material. PVD is similar to thermal spraying and the base 
material composition does not alter. Vapor phase deposition processes are 
used to deposit thin layer of refractory materials, such as, hard carbides, 
nitrides and diamond coatings. Weld overlay mainly confined to metallic 
deposits. However heat sources like plasma and laser has been used to deposit 
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number of metal matrix composites containing refractory materials. In 
welding it is possible to deposit thick overlays. Thermal spraying can be used 
to coat metal ceramic and plastic on any one of these as substrate materials. 
The coating thickness of thermal spray deposit is normally confined to 3 mm. 
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Alter Surface Prope rties 



AddIv Coatings 



I I I | 

Morphology Composition Morphology + Composition Sfc. Energy* 

I f 1 I 

I 

Diffusion/Thermal Cycling 
(e.g.,.C arburising 
Nitriding) 



Thermal RST** 

Cycling (L aser 

(e.g., Induction surface) 
hardening) 



Laser Peening 



Diffusion 



Solid Semi-Molten Molten 
Thermal. Fusion 



1 



Interstitials 

(e.g.,Boronising) 



Substitutionals 
(Ahmising, Chr o mi sing) 



Spray 
Roll bonding 
Friction Stirr Weld 



Welding 

Thermal 

Spray 



Vapor 

I 

PVD 

CVD 



Tab. 1. 4 .3. Surface properties & modification processes using thermal energy 
(Sfc.Energy* = Surface Energy; RST = Rapid solidification of melt or vapor) 



1.4.3 Heat Sources 

A large number of thermally assisted processes used for surface 
modification is based on the application of heat energy. Newer sources of 
thermal energy, such as plasma, laser & solar beams are increasingly being 
used to modify the surface properties. The innovations in conventional heat 
sources, such as arc, spark, induction & combustion processes have resulted 
in the development of newer & more efficient systems for surface 
modifications. Different sources for heat energy, power densities and 
maximum power generation capabilities are listed in Table 1.4.4 (1). Power 
density is expressed as KW/m 2 .The power density of beams, such as, laser, 
electron, ion and light can be enhanced by focusing onto a small spot area. 
Therefore the power densities of beams and rays are more than that of 
conventional combustion system. 
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Tab.1.4.4: POWER DENSITY OF DIFFERENT HEAT SOURCES 



Sources 


Power Density 


Maximum Power 




x 10 5 w/m J 


x 10 5 w 


Sunlight (focussed) 


0.01 


- 


Combustion (Furnace) 


0.01 -0.05 


-- 


Arc Light (Focussed) 


0.05 


0.01 


Rocket Com bustion 


0.1 


- 


Arc (Welding) 


0.2 -7.0 


0.05 


Ion Beam 


1 -5 


0.1 


Plasma Beam 


1-100 


1-5 


Electron Beam 


10 - 1000 


1-1.2 


Laser Beam 


10 - 1000 


0.1 



Power density of welding arc is only 0,2-7 x 10 3 W, compared to 10-100 x 
10 3 W for plasma and more than 100 x 10 3 W for laser. Laser and election 
beams can be accurately focused to very small areas thus increasing power 
density several times compared to other sources. Combustion processes can 
produce power densities of0.01-.05 x 10 3 W (in furnace) to 0.1 x 10 3 W (in 
rocket). Solar energy, which is normally received on earth at 14 KW/m 2 can 
be focused to yield few MW/m 2 . The heat generated by frictional processes in 
welding is in the range of 3.25 x 10 3 W. 

Microwaves (radar waves) or MM-waves (1), are defined as the 
electromagnetic radiation spectrum at frequency range between 3x10 9 to 
3x10" c/s, wavelength of 10' 1 to 10’ 3 m and photon energy of 10‘ 5 to 10' 3 eV. 
Microwaves are pail of electromagnetic spectra in the frequency range 
between 300MHz to 300GHz, which on striking a non reflecting surface 
result in heating .The electromagnetic energy of the absorbed microwaves are 
converted into thermal energy. Microwave has been successfully used in CVD 
process to produce diamond film on suitable substrate. 

The various surface engineering processes based on different heat sources are 
tabulated in Table 1.4.5. The correlation between heat source and the 
processes are listed in Fig. 1.4.5. 

During recent years, the heat energy of plasma has been used for a large 
number of surface modification processes, such as, carburising, nitriding, 
vapor phase deposition of hard carbides & nitrides, thermal spraying and 
welding. 
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Heat Sources & Surface Engineering Processes 
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•Weld 



Fusion 

welding 
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spraying 

•Arc-light 

heating 




Ion Laser I 
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’inplant 


•Weld 


’Peening' 

’HeatT 

’Fusion 

’Weld 

•RSP 




Vap.dep] 



Solar 

Induction 



Weld 



’Fusion 

,’Heat.T 



Tab.1 .4 5. Advanced processes based on eleven different heat sources 
(Vap.dep. = vapor phase deposit! on, Heat.T=transformation hardening) 



Fig.l.4.5.Relation Amongst Processes & Heat Sources 

HEAT SOURCE PROCESSES 

PLASMA 

ARC 
SPARK 



.VAPOR PHASE 

LASER / DEPOSITION 



SOLAR 




THERMAL 

SPRAYING 

WELDING 

FUSION 



COMBUSTION 
FRICTION 

MICROWAVE 
ELECTRON. 
ION 

INDUCTION 



HEAT 

/TREATMENT 

PEENING 

IMPLANTATION 



In most of the thermal spray processes, higher heat energy sources are 
used to melt or partially melt the particles to be deposited during the short 
dwell time of high velocity processes. Advanced heat sources such as plasma 
or efficient internal combustion processes are used to produce high velocity 
flames for thermal spraying. Molten or semi molten particles with high 
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velocity produce dense coating with good bonding to substrate. Hotter flames 
also need less dwell time for the particles to get molten and hence less chance 
of oxidation or decomposition. In fusion welding high intensity heat sources 
are used to melt narrow width of the adjoining base material along with faster 
melting of the consumables. The use of high intensity heat source results in 
welds with low dilution, narrow HAZ and less distortion. 

High energy laser beams are being used for surface modification by 
peening, heating, fusing and welding. Besides welding, arc light beams have 
been used successfully for surface modification by heating. Pulsed arc 
welding results in vast improvement in the properties of weld overlays. 
Induction fusing of thermally sprayed deposit has obviated the need to heat 
the whole component while using conventional flame fusing system. Spark 
deposition process has been used to deposit thin layers of hard carbides on 
cutting tools. The concentrated solar beams have been used both for heat 
treating and fusing the surface. In friction stir welding, frictional heat has 
been used to make weld overlay of wear resistance alloys on solid surface. 
Combustion process has been used in the advanced thermal spraying system, 
known as, high velocity oxy fuel (HVOF). 

The thermal processes like welding can only be used for deposition of 
metallic materials on metallic substrate. On the other hand plasma, laser etc 
are been used to modify the surfaces of metal, polymer, ceramic and 
composites. 

Advanced Heat Sources in Welding Welding is the most widely used 
technique for heavy deposition of wear resistant metallic materials on metallic 
surface. The weld surfacing with wear resistant material can be carried out by 
solid state bonding or through fusion processes (Table 1.4.6). 

Solid phase bonding between metallic surfaces is obtained by cold or hot 
deformation processes. Hot deformation processes include friction, forge and 
roll bonding. The cold processes, such as, roll, explosive and ultrasonic 
bonding involve cold deformation. 

Tire fusion welding processes derive their names from the heat source, 
such as, oxy-acetylene, arc, spark, resistance, induction, plasma, laser and 
electron beam. In hot deformation processes, no external source of heat is 
required. Heat generated by friction at the abutting surfaces by the applied 
load is sufficient to weld the materials involved. 
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Tab.l.4..6: WELD OVERLAY PROCESSES 
Welding Overlay Processes 



Solid-solid phase bonding 



Cold deformation Hot deformation 



Roll Explosive Ultrasonic Friction Rolling Forge Die 

bonding process welding 

Fusion Welding 

J ri r i i r t 

Gas Arc Spark Induction Plasma Laser Electron beam 



MMAW GMAW GTAW FCAW SAW 

In fusion welding the abutting surfaces are joined by fusing the interfacial 
areas with or without additional consumable materials. Excepting gas and 
manual metal arc techniques, all other fusion welding processes can be 
automated. The commonly used processes include gas metal arc (GMA), gas 
tungsten arc (GTA), flux-cored arc (FCA), electro-slag (ES) and submerged 
arc (SA) welding. Advanced processes with more intense heat sources include 
plasma transferred arc, laser and electron beam welding 

Due to low dilution of the deposited coatings, the plasma transferred arc 
welding (PTAW) using powder alloys is gaining popularity as the key process 
for deposition of wear and corrosion resistant coating materials. In PTAW, the 
dilution level can be restricted within 5% resulting in a single layer thin 
deposit with composition conforming to that specified for the wear & 
corrosion resistant alloys. With laser welding it is possible to have deposits 
with lower dilution than PTAW. However the high capital cost of the laser 
welding system has restricted the use to fewer applications. 

The practical range of heat intensities employed in welding varies from 
10 3 W/m 2 for processes such as gas, electroslag to 10 6 W/m 2 for techniques 
using electron beam and laser beam (Fig. 1.4.6) (ref. 26). Such a large 
increase in heat intensities using advanced heat sources result in higher 
productivity with improved weld properties. The comparative process 
efficiency improves from mere 1% for gas welding to 99% in electron and 
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laser beam processes. The weld quality is mainly dependent on the intensity 
of heat source in welding. The correlations amongst main variables 
controlling the weld quality and the intensities of the heat sources are 
discussed in chapter 19 on quality. 
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Fig. 1.4.6 Heat Sources, Intensities and Welding Processes 



Advanced Heat Sources in Thermal Spraying Thermal spraying processes 
are classified based on flame temperature and velocities (Table 1.4.7) (ref 1). 
The operating parameters and the resulting properties are listed in Table 1.4.8. 
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Tab. 1.4. 7 Classification of Thermal Spray Processes 
(HVOF=high velocity oxy-fuel ; HVAF=high velocity air fuel; 

HVIF =high velocity impact forging ) 

Tab. 1.4.8.. Heat Sources, Flame & Particle Temperatures in Thermal Spray Processes 



Parameters 


Thermal Spray Processes 


LVOF 


HVOF 


D-Gun 


HVIF 


Arc 


Plasma 

Arc 


Vacuum 

Plasma 


Flame Temp. 
(x10 3o K) 


3.5 
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3.8min. 
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Flame Temperature: High flame temperature results in formation of molten or 
semi-molten powders of refractory materials at the shortest possible time. The 
refractory carbides, borides and composites containing them can be sprayed at 
higher speed to form dense coatings with superior bond strength. High 
temperature flames are produced from high intensity heat source like plasma 
or through improved combustion systems such as detonation and more 
recently by employing the principle of combustion similar to that of rocket 
engine. The power inputs from advanced heat sources for thermal spraying 
are several times higher than that produced by low velocity oxyacetylene 
torches. For example power input of LVOF is 20 KW compared to that of 
plasma torch at 200 KW and that of HVOF at 300 KW. Flame temperatures of 
the high intensity arc and plasma are in the range of 15000°K. The flame 
temperature ofHVOF is 5000°K and that ofLVOF is 3500°K. 

Velocity:- High temperature produced inside a plasma torch chamber or in a 
rocket engine leads to the expansion of plasma gas (for plasma spray) or 
combustion product (in oxy-fuel combustion), which emerges through the 
torch orifice at velocities exceeding that of sound. The high kinetic energy 
(l/2mv 2 , where m & v are mass & velocity respectively) of the fast moving 
micron sized particles of small mass in the emerging jet is directly related to 
(velocity) 2 . Therefore the particle velocity in the 400-800 m/s range increases 
vastly the kinetic energy of the impacting particles in HVOF and plasma 
processes. Dense coating with improved bonding forms by particles with high 
kinetic energy. 

Impact Forging: -A variation in thermal spray process is the high velocity 
impact forging (HVIF). The process is similar to HVOF but with higher jet 
velocities produced by combustion under pressure results in forging of the 
impacted particles. 

Flame temperature increases from LVOF to HVOF by more than 11/2 
times whereas the flame temperature in arc and plasma is almost three times 
compared to that ofHVOF. However the increase in particle temperature for 
HVOF and plasma in comparison to LVOF is not high due to high flame 
velocity and the corresponding shorter dwell time of particles in the flame. 
Power requirements for producing high temperature flames are low in direct 
arc heating, compared to plasma heating. HVOF system requires more power 
than plasma to produce flame temperatures l/3 rd than that of plasma. 

A number of applications require post spray fusion operation for closing 
the pores and also to obtain better bonding to substrate. Post spray processes 
for further consolidation of the deposits include fusing the deposit by 
oxyacetylene flame, induction, plasma, laser beam and solar beam (Table 
1.4.9). The selection of the heat source depends on the type of materials, 
coating thickness and shape & size of the job. For example, removal of 
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surface pores or fusion of ceramic coating is normally carried out by laser 
beam but can also be done by solar beam or arc lamp. Induction fusion is 
applicable for ferromagnetic coatings, like self-fluxing nickel base alloy 
deposits. Oxy-acetylene flame is used for low fusion temperature (<1050°C) 
self-fluxing alloys. Plasma transferred arc is used for fusing coating deposited 
either through thermal spraying or applied in the form of paste. 



Post Spray Thermal Processes 



Heat Sealing Fusion 
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Tab.1.4.9.Post Spray Processes 

Sealing of the open pores is carried out by spray deposition of wax or 
epoxy while the substrate is maintained above the fusion temperature of the 
sealant. Simultaneous deposition and fusion processes of powder materials are 
carried out with plasma transferred arc (PTA) process or with specially 
designed oxy-fuel torch. Both metallic and metal matrix composites can be 
sprayed and fused simultaneously. Alternatively, sprayed deposit with 
metallic matrix can be fused by using any one of the heat sources, such as, 
combustion, plasma, carbon arc, laser, solar, arc-lamp, or induction. Induction 
melting is possible for ferromagnetic materials only. 

Thermally sprayed ceramic deposits are normally fused by using high 
intensity beams, such as laser, solar & microwave. Microwave can be used to 
heat ceramic material without heating directly the metallic substrate. 
Microwave can be used for consolidation of the ceramic deposits, such as 
WC-Co through sintering. 



Advanced Heat Sources for Vapor Phase Deposition Processes'. The process 
consists of vaporizing in vacuum and subsequent deposition of coating 
material from the vapor phase onto the substrate. When the evaporation of the 
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coating material is carried out with high intensity beam or ions, or electrical 
heating the process is known as Physical Vapor Deposition (PVD) process. 
The deposition rate, atmospheric composition, and pressure, and substrate 
temperature would determine the character of the coating. Due to differing 
vapor pressures of the elements constituting the alloy the control of alloy 
composition in the deposit is difficult when only one molten alloy is used. An 
independently controlled source for each of the alloy components provides the 
best compositional control of the deposit. With a very low substrate 
temperature, it is possible to produce amorphous phase coating on the surface. 
Alternatively, volatile compound of the coating material in vapor phase at 
high temperature is allowed to decompose on the substrate so as to deposit the 
required elements or alloys on the surface. The alternative technique is known 
as Chemical Vapor Deposition (CVD) process, In this process the substrate is 
heated to the required temperature for decomposition of volatile compound 
and thus to deposit the required element. The high temperature of the 
substrate allows the diffusion of the elements to form a surface enriched with 
deposited element. The CVD process also occurs during carburising and 
nitriding, viz, high temperature deposition on the surface and diffusion of 
elements towards interior to form a hard case of required depth. (Table 
1 . 4 . 10 ). 



Vapor Phase Deposition 

Physical Vapor Deposition (PVD) Chemical Vapor Deposition 

I (CVD) 



Evaporation Sputtering Ion Plating 



Resistance EB Laser P RF Plasma M. Plasma IB DC/RF/ 

MW- Plasma 

Tab 1.4. 10, Advanced Heat Sources For Vapor Phase Deposition 
(Legend; EB= Electron Beam, P = Pulsed, RF=Radio Frequency, 

M- Magnetron. MW= Microwave) 



Advanced Heat Sources & Diffusion Processes : Diffusion of interstitial (C, N, 
B) and substitutional elements (Al, Cr, Si) to the surface layer is a common 
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process of forming wear and/or corrosion resistant surface (Table 1.4.1 1). The 
diffusion of interstitial elements like carbon, nitrogen and boron leads to the 
formation of hard martensite matrix, which on quenching and on tempering 
forms carbides, nitrides and borides depending on the element added. 



Diffusion Processes for Surface Modification 



Interstitials 

r t 1 

Carbon Nitrogen Boron 



Substitutional 




Combustion Fused Salt Electrolysis Chemical Vapor or Plasma 

or Plasma or Plasma I I I 

Vapor Formation + Decomposition^- Diffusion 

Tab 1.4. 1 1, Surface Modification Processes by Diffusion & 
the Heat Sources 



The process of surface enrichment consists of two steps. In the first step 
element enriched vapor phase is formed and in the second phase the vapor 
phase is allowed to diffuse in the surface layer to the required depth. For 
interstitial elements like carbon the vapor phase is formed by combustion of 
charcoal, oil, alcohol etc, while for nitrogen ammonia is burnt. Both the 
generation of atmosphere and diffusion operations are carried out in a furnace 
which is generally heated electrically. Boronising is carried out by electrolysis 
in a molten salt bath containing boron. The comparatively recent development 
of plasma nitriding, carburising and boriding processes utilise plasma to 
generate the ions of respective species and to diffuse the same into the 
substrate surface. For substitutional elements chemical vapor deposition 
process (CVD) is used to deposit the elements on the surface. Subsequent 
diffusion of element to the interior occurs by maintaining the substrate at 
elevated temperature. 



Summary. 

In brief, wear occurring on the surface of material can be controlled by 
heat (thermally) assisted surface engineering processes. 
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Wear occurs due to interaction of the surface with the environment. Types 
of weai' processes include abrasion (by solid particles), adhesion (mating with 
similar or dissimilar materials), erosion (by solid particles or liquid droplets), 
thermal (by heated counterbody) and corrosion (electrochemical process). 
Weai' equations (excepting for corrosion) relate volume loss inversely with 
hardness. Corrosion, like other wear processes is environment specific. Both 
corrosion and wear loss are expressed in terms of dimensional loss in specific 
environment. Types of corrosion include galvanic, pitting, intergranular, 
parting, crevice etc. Hot corrosion reactions include oxidation, nitridation, 
sulphidation etc. 

Surfaces are bounding faces of solid interfacing with hostile working 
environment. Wear of solids occurs at these interfaces. Wear control exercise 
involves control of surface properties such as, morphology (surface roughness 
and microstructure), composition, energy and hardness by surface engineering 
processes. Surface composition and morphology changes can cause effective 
barrier to corrosion. 

Heat energy is required for phase transformation, such as, from solid to 
liquid or vapor or other solid phase. The quantum of heat required for 
different processes, such as, melting (fusion welding), evaporation (vapor 
deposition), diffusion (carburizing) and solid state transformation 
(transformation hardening) depends on the specific heat of the material, 
process temperature and the latent heat of transformation. Phase diagram 
provides useful data on the various phases in equilibrium at different 
temperatures and concentrations. The list of advanced heat sources used in 
surface engineering include plasma, laser, electron, ion, microwave, arc, 
spark, induction and newer combustion systems. Rays and beams can be 
focused to a small spot size producing concentrated high intensity heat for fast 
melting and evaporation. 

Surface engineering processes, such as thermal spray, weld overlay, vapor 
deposition and diffusion are used to produce weai' resistant surfaces. 
Advanced surface engineering processes are based on newer heat sources. 
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Chapter 2 

PLASMA ASSISTED THERMAL PROCESSES 



2.0 Introduction 

Plasma, the fourth stage of matter, has been used extensively for a large 
number of thermally assisted surface engineering processes. The list of 
surface engineering processes based on plasma includes thermal spraying, 
welding and vapor phase deposition. In this chapter the formation and 
properties of plasma, surface engineering processes using plasma and major 
applications are discussed. 



2.1 Formation & Properties of Plasma (1, 2, 3, 4):- 

Solid material when heated transforms into various stages as follows 

Solid-} Liquid-^ Gas -} Plasma 

With the increasing temperature, solid transforms to liquid and liquid to gas. 
Further increase in temperature results in the transformation of the third stage 
of matter i.e., gas atoms to charged particles, and the material enters the 
plasma stage. Plasma, the fourth stage of matter is a conducting gas consisting 
of appreciable proportion of charged particles. The ionization of atoms can be 
achieved by heat, radiation or electric discharge. The production of plasma by 
electric discharge across an inert gas stream is shown schematically in Fig. 2. 

The degree of ionization is described by the famous Saha equation for 
ionization 

Ni/Nn = 24 x 10 IS x T 3/2 e Ui/kT / Ni 

Where, Ni = density of ionised atoms, Nn = density of neutral atoms, T= 
Kelvin gas temperature, k= Boltzman constant & Ui = ionization energy of the 
gas. To sustain plasma a small degree of ionization is required. Usually 3-5% 
of the gas must be ionized, i.e., Ni/Nn > 03. At one atmospheric pressure, the 
ionization energy (Ui) required to generate plasma is generally between 50 - 
24 eV. Plasma must have appreciable ionization to become conductive and 
heated electrically. The temperature at which a significant amount of gaseous 
atoms will be ionized and the plasma state achieved falls in the range of 4, 000 
to 25,000°C. 
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Fig 2. Plasma Formation(Schematic) 

The basic requirements for the formation of a plasma ar e 

a. Strong electric field capable of producing high temperature which would 
lead to ionization of plasmagenic gases. 

b. Plasmagenic gases should ionize, at least partly, by the application of heat 
from electrical energy, as follows:- 

N 2 <=> 2N + + e - 360 kcal /mol 

The production of charged particles requires enormous amount of energy (360 
kcal/mol) and hence ionization can be observed at temperatures of the order of 
the tens of thousands of °C.In order to enable the plasma particles to travel in 
a straight line with constant velocity, the energy of interaction between 
particles at the mean distance amongst them must be considerably less than 
the mean kinetic energy of the particle. In otherwards, PE (potential energy) 
«< KE (kinetic energy). 

In Fig. 2.1, a plot of n (plasma densities) vs Te (the units of energy 
measure as electron temperature, & express in electron volts) indicates the 
various types of plasma formation zones(l). 

Plasma assisted surface modification processes 

Low-temperature plasma is used in thermal spraying and other surface 
modification processes, in which density of charged particles (electrons & 
ions) is lower than that of neutral particles.In this low temperature plasma the 
mean energy of electrons or ions is much lower than the ionization potential 
of the gas.The other kind of plasma known as hot plasma has much higher- 
mean energy of ions and electrons than the ionization potential of the gas. 
Such plasma contains ions and electrons and practically retains very few, if 
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any neutral particles. An example ofhot plasma is that formed during thermo 
nuclear reaction involving deuterium nuclei or deuterium and tritium. 




ELECTRON VOLT — V 1eV» 1160'K 

Flfl.2.1 PLASMA DENSITY VS. ELECTRON VOLT 

(Ref.l.Micheal A.Libermann & Alan J.Lichtinberg;book on 'Principles of Plasma Dischargo & 
Materials Processing', 1994, p9.Tho material is used by permission of John Wiley & Sons, Inc) 



The current list of surface modification processes involving plasma includes 
welding, thermal spraying, vapour phase deposition, carburising, nitriding and 
polymerisation. Electric field used for plasma formation includes gas 
discharge, induction (R.F) and DC arc. 

Plasma flame with an average plasma density of around 10 8 cm’ 3 with 
energy in the range of 0.07 to 0.7 eV (Fig. 2.1) is used in thermal spraying. 
The high energy flame travels at velocities more than that of the sound 
carrying with it the powder particles, which become molten or semimolten 
before depositing on the prepared substrate. The high energy flame is capable 
of melting even high melting point ceramics during the in-flight short 
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dwelling time. In a plasma flame, the core temperature is very high compared 
to cool peripheries, where the neutral gas formed in field free condition tends 
to attend room temperature. 

In comparison to plasma flame, glow discharge plasma (Fig. 2.0.1) has 
higher energy band in the range of 1 to 10 eV, and also higher plasma density 
covering a wide range from 10 7 to 10 14 cm' 3 . Glow discharge plasma is used 
for vapor phase deposition of wear resistant material on clean substrate. 
Plasma heat is used for evaporation of coating material in physical vapour 
deposition. Abnormal glow discharge is used for plasma nitriding & 
carburising. Plasma heat is used for diffusion of boron in the near surface 
region so as to form a hard boride coat on the surface. Reactive plasma is used 
for chemical vapour deposition process. Arc plasmas with high plasma 
densities in the range of 10 16 to 10 18 cm' 3 and with energies in the range of 0.1 
to 5 eV are used for producing weld overlay of wear resistant materials. The 
arc forming the plasma is transferred to the base for plasma transferred arc 
welding. Corona discharge plasma is used for plasma polymerisation. These 
and other related plasma assisted surface modification processes are to be 
discussed in the subsequent sections. 



2.2 Non-transferred Arc Plasma Process Spraying (4, 5, 6, 7, 8) 

The non-transferred arc plasma techniques for thermal spraying are 
classified in terms of electric field (arc or induction), stabilizer fluid (gas or 
liquid), power (high or low), and anode design (twin anode, grator guard, gas 
tunnel), as indicated in Table 2.1.0. 



2.2.1 DC Arc Plasma Spray System 

In dc arc plasma spraying, plasma flame formed by striking a dc arc 
across an inert gas(es) stream, is used for spraying powder material onto a 
prepared surface of base material. The base material is not electrically 
connected or in otherwords, the plasma arc is not transferred to the base.The 
base material can therefore be nonconductive, such as ceramics or plastics. 
Coating material in powder form is introduced in the plasmajet for deposition 
onto substrate. 
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PLASMA SPRAY SYSTEMS 



DC ARC 



INDUCTIVE COUPLED 



r 

GAS STABILIZED 

_J 



1 

LIQUID STABILIZED 



ATMOSPHERE/PRESSURE POWER 

- VACUUM(LPPS) 

- INERT GAS 



L SHROUDED 
(“ CONTROLLED 
ATMOSPHERE 

J- HIGH PRESSURE 



I 

NOZZLE/ANODE 

- TWIN ANODE 

f- LOW(IOkW) - GRATER GUARD 

- GAS TUNNEL 



- NORMAL (80kW) 
-HIGH(200kW) 



Table 2.1.0.Classlflcatlon of Plasma Spray Systems 

Plasma flame is used to heat the powder particles to molten or semimolten 
state.The high velocity of plasma jet increases the striking velocity of molten 
or semi-molten paticles beyond that of the velocity of the sound. The heat and 
the speed of the plasma flame are used to produce dense adherent 
deposit.Both conductive metals and nonconductive ceramics or plastic can be 
sprayed by plasma system. 

Base material temperature normally remains at room temperature. The 
process is used to coat metal, ceramic, plastic and composites on similar or 
dissimiliar materials. The process has also been used to develop composite 
and graded coating. 

Schematic diagram of the dc arc plasma spray system is shown in Fig. 
2.1.1. The system consists of a spray gun, plasmagenic and carrier gas supply 
manifold, torch cooling water circulation unit, power pack and controls. 
Controlled quantity of plasmagenic gas is fed in the torch to form the plasma 
flame with applied voltage across the gas stream between the tungsten cathode 
and copper anode. An inert gas stream carries the powder particles from the 
feeder onto the plasma jet. The torch is cooled by circulating water. Based on 
power supply, plasma spray units can be portable 40 KW or standard 80 KW 
or high power 200 KW system. 
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CONTROL PANEL 




Flfl.2.1.1 Schematic Diagram of Plasma Spray System 



i. Spray Gun or Torch:- The heart of the system is the torch. Torch (Fig. 
2. 1.1.1) consists of an thoriated tungsten cathode enclosed by a water cooled 
copper anode, with a constant flow of plasmagenic gas in the interveninmg 
space. The arc is struck between cathode and anode. The cathode tip ignites 
the gas to form plasma. The plasma thus formed flows through the extended 
anode nozzle and emerges out at a high velocity through the torch orifice. The 
constricted nozzle can be convergent, convergent-divergent or straight 
depending on the application. Different nozzle designs are used, such as, twin 
anode, grater guard and gas tunnel nozzles. 

Twin Anodes:- In this system, two anode torches are placed symmetrically 
opposite to each other and perpendicular' to cathode torch in the extended 
anode area.The cathode and anodes are protected by flow of inert gas in the 
intervenening space.With this arrangement arc stability is far better than 
conventional system. In this system it is possible to adjust plasma gas speed 
and enthalpy over a wide range with a power level of 10 to 100 KW, enabling 
formation of hypersonic plasma in which shock waves in the form of diamond 
can be observed. High temperature plasma at hypersonic speed results in 
superior WC-Co coatings with low decomposition, high adhesion and high 
wear' resistance properties.The spraying condition can be maintained stable 
over 200 hours. 
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Fig. 2.1.1. 1 : Plasma Spray Torch 

Grator Guard:- The most significant difference with respect to normal plasma 
spray system is the use of a patented accelerator placed where particles are 
introduced in the plasma stream. The particles are accelerated until a velocity 
of 1220 to 1520 m/s (4000 to 5000 ft/s) is reached. High velocity particles 
travelling through the plasma flame improves bond strength, decreases 
porosity and oxide content of the deposit.The process was originally 
developed by United Technologies (Pratt and Whitney Aircraft) to produce 
high quality coatings on aircraft gas turbine fan blades. 

Plasma jet travelling outside nozzle is field free and therefore there is 
rapid fall in temperature and velocity with increasing distance from the nozzle 
orifice. For example the core temperature of the plasma plume decreases to 
500°K or below from a exit temperature of20,000°K. Similiarly, plasma jet 
emerging out of the nozzle at a velocity exceeding that of the sound can get 
reduced to 10 m/s in an atmosphere plasma. High energy torches such as, 80 
KW torch needs chilled water for cooling wheras lower energy ones, like 40 
KW torch requires circulating water at room temperature for cooling. 

ii. Gas:- Plasmagenic gas: 

For producing plasma, the gases, such as, argon, helium, nitrogen & 
hydrogen are normally used. Diatomic gases (N,H) have higher specific 
enthalpy and thermal conductivity than monatomic gases (Ar,He), hence 
produce smaller arc with higher temperature of plasma. Although the peak 
temperature of diatomic gas is higher, the deposition efficiency tends to be 
lower than monatomic gas. Nitrogen plasma is highly reactive with metals. 
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titanium & aluminium and forms nitride. Helium is costly but has been used 
as replacement for hydrogen for avoiding hydrogen embrittlement. Argon is 
the best all-purpose gas and addition of 10% diatomic hydrogen results in a 
hotter and more concentrated plasma for thermal spraying. 

Carrier gas & Feeder 

The coating material in the form of powder is carried from the feeder by 
carrier inert gas for injection onto plasma flame. Argon is used as carrier gas 
for transporting powder in argon plasma. The commercially available powder 
feeding devices include both mechanical and fluidised bed systems.The use of 
powder feeder based on fluidised bed system ensures uniform delivery of all 
the constituents in powder mix of different densities at any point of time. 
Twin feeders are often used to feed two different materials simultaneously at 
the same or different rates to produce composite coatings of varied 
compositions. 

iii Power Supply and Cooling System: - 

Plasma spraying system normally operates on D.C power. Welding 
rectifiers with a drooping characteristic to prevent instability in arc, are 
generally used. A high open circuit voltage is required to cover the range of 
gases used, e.g., typical voltages are 80 V for argon, 160 V for nitrogen and 
300 V for hydrogen. Typical power rating of 40 or 80 kW is used in 
commercial units. Mobile unit is the 40 kW and does not require chilled water 
for cooling the torch. In 80 kW unit, the torch needs chilled water for 
cooling.lt is normal to initiate the arc with a high frequency discharge. 

iv. Plasma spray atmosphere 

Plasma spray operation is carried out by either of the processes such as 
atmospheric plasma spray (APS), shrouding the plasma flame (SPS), inert gas 
cover to plasma flame (IPS), spraying inside a vacuum chamber (LPPS), and 
maintaining high inert gas pressure (HPPS). 

Reduced or Low Pressure Plasma:- 

The reduction in plasma chamber pressure shall lead to higher particle 
velocity but reduced heat exchange between particles and plasma. The 
reactive materials, such as titanium, aluminium and their alloys can be 
sprayed without any loss through oxidation in a low pressure plasma. 

A step further in the low pressure plasma is the use of vacuum plasma 
system (VPS).The plasma spraying in vacuum can produce deposit purity 
level as that of original powder material, and comparable to that of PVD and 
CVD coatings. It is possible to produce good quality composite coatings 
through VPS. The advantages of VPS (also LPPS) include followings (9):- 
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• Speed and length of the flame become higher and longer in low 
pressure conditions 

• Flame temperature is higher than atmospheric plasma 

• High velocity argon plasma in vacuum leads to virtually no oxidation 
ofhighly oxidisable metals. 

• Deposit is oxide free, dense and has high bond strength 

• High deposition rate combined with high deposition efficiency(less 
spray loss) 

• Reversed transfer arc cleaning prior to spraying reduces the preheat 
cycle time and removes surface oxides and contaminants, thus 
creating excellent bonding between coating and substrtate 

• Since the continuous deposition is accomplished at high temperatures, 
self annealing of coating leads to stress relief and recrystallisation. 

• Spraying in vacuum plasma spray is normally carried out by 
programmed robotic system. The programme can be stored and 
recalled for repeat jobs thus ensuring consistant coating quality. 

• Since VPS or LPPS is carried out in an enclosed vacuum chamber, 
hence neither the sprayed powder nor the supersonic noise of the jet 
can cause pollution of the atmosphere or become hazardous to the 
operator. In vacuum plasma spraying the size of job is restricted to 
vacuum chamber size. In argon shrouded plasma spraying (ASPS), 
the use of argon shield around the plasma gun and the workpiece 
protects molten particles and substrate against air ingress.The coatings 
obtained from such a system is clean, well-bonded and relatively free 
from oxides. A typical application of ASPS is the coating of M-Cr-Al- 
Y as thermal barrier layer in turbine hot suction components in gas 
turbine. 

High Pressure Plasma Spraying in Controlled Atmosphere : The advantages of 
high pressure inert gas in the spray include followings 

• Increase in heat transfer to the spray particles resulting in improved 
spray efficiency and less porosity. 

• Effective cooling of the substrate. 

• High pressure can supress or induce chemical reaction. In the HPS 
chamber, pressure above 1000 m bar of inert gas is maintained by a 
close loop pump combined with gas cooling and filter unit. The 
pressure is kept constant by outletting the plasma gases fed through 
the torch during the spray process by means of a blowoff valve. In the 
reactive nitrogen atmosphere, the spray of titanium powder in high 
pressure plasma results in coating of hard and fine grained TiN. 
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Water Stabilised Plasma Guns:- In addition to normally available gas 
stabilised plasma arc system, liquid (mainly water) stabilised plasma is used 
for some special applications. Similar to gas stabilised arc, a water vortex can 
be used for the electric arc constriction and stabiliztion. The outer layer of 
water cools the specially shaped chamber walls while the inner layers are 
ionised, thus providing the plasma stream.The water stabilization enables 
higher energy dissipation for a given arc current and plasma flow with higher 
energy density. The system works with a rotating anode and graphite cathode, 
with power from 120 to 200 KW and tap water.The water stabilished plasma 
is not highly oxidising and thus can be used for metallic coatings. 



Substrate Surface Preparation, Bond & Top Coat Materials for Thermal 
Spraying (10): 

Thermal spray processes in general require the substrate surface to be 
specially prepared and a bond coat to be applied before the wear resistant top 
coat material is sprayed. The pre-spray processes and the consumables used in 
thermal spraying are discussed in this section. 

Cleaning the surface : The component surface should be free from oil, grease 
or dirt. The surface is commonly cleaned by solvents like trichloroethylene. 
However, in more difficult cases, cleaning of the surface can be carried out by 
hot vapour degreasing, vapour blasting, pickling, ultrasonic cleaning or a 
combination of processes. 

Surface Roughening : The clean substrate surface is made rough in order to 
increase the effective surface area and to improve adhesive bonding of the 
sprayed deposit. The surface roughness is increased by abrasive grit blasting, 
machining or rough grinding. The grit blasting is the most commonly used 
practice of surface roughening. In this process, the substrate surface is blasted 
with compressed air jets carrying the abrasive grits. The angular particles of 
chilled cast iron or ceramic are used as grits. The grits of 16-60 mesh size are 
used for metal substrate and 60-100 mesh for plastic. For ceramic substrate 
hard ceramic grits are used. For thin substrates, fine grits (25 to 120 mesh) and 
for thick coatings, coarse grits (18 to 25 mesh) are recommended. The 
compressive residual stress on the grit blasted surface improves fatigue 
resistance of the component. With rougher surface finishes, the coating 
adherence improves .The best adhesive bond is associated with roughness 
dimension compar able to 3/4th of the diameter of the particles sprayed. 

Bond Coat (10) : A thin layer of special bond coat material on the substrate is 
normally required in order to obtain good bonding of the top coat. The 
function of bond coat is like an adhesive between the substrate and the layer 
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above it. The common bonding materials are molybdenum, nickel-aluminium 
and nickel-chromium alloys. A list of bond coat materials and their properties 
are given in Table 2.1.1. Some of the bonding materials are used as coatings 
for resisting high temperature oxidation. The bond coat of Ni+5%A1 can 
withstand temperatures of up to 1010°C. The coating ofMCrAlY (M = Co or 
Ni), another bond coat material, has been used on jet engine components to 
resist oxidation upto a temperature of 1300°C. Some specially formulated 
powder alloys do not require bond coat. These alloys are known as single step 
powders. However in applications, where surface preparation is difficult e.g., 
for very thin or hard substrate or difficult configuration for blasting, even for 
single step powder it is necessary to use bond coat. The thickness of bond coat 
should be sufficient to cover the rough surface and is normally 0.08 to 0.18 
mm. There is no additional advantage of a thicker bond coat layer. 



Table 2.1.1. Bond Coat Materials 



Materials 


Maximum 
T errperature in 
Seivice, (°C) 


Bonding Interface 


Molybdenum 


315 


Metal/metal 


80 Ni-20 Al 


620 


Metal/metal/cerarric 


89 Ni/6 AI/5 Mo 


- 


-ditto- 


94 (Ni+Cr)+6AI 


980 


-ditto- 


95 Ni + 5 Al 


1010 


-ditto- 


80 Ni+20 Cr 


1260 


-ditto- 


MCrALY, e g. 


1260-1316 


For ceramic coat 


Ni CrALY/CoCrAI Y 




on metal 


Zn/AI 


- 


For plastic substrate 


Ah Si 


" 


Al- substrate 
for ceramic coat 



Top Coat Materials (10): Metallic, ceramic, polymeric and composite 
materials can be sprayed on same or different materials forming substrate, 
a. Metallic Materials : Thermal spray coatings of zinc and aluminium are 
used extensively for protection of bridges and structures against 
atmospheric corrosion. Nickel, iron, cobalt and copper-base alloys form 
the bulk of thermal spray metallic materials (Table 2.1.2). Metal matrix 
composites, erosive wear. 
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Tab. 2.1 .2. Metallic Materials for Thermal Spraying 



Type of Material 




Form 




Typical Applications 




Powder 


Wire 

rod* 


Tubular 

Wire** 




Grade 41 OSS 


7 


✓ 


7 


Yankee Dryer 


Grade 316 LSS 


✓ 


7 


7 


Corrosion Resist coat in 
chemical plant chimney 


Zn/AI/Zn + Al 


7 


7 


7 


Bridges & Structures 


High Cr Iron 


✓ 


X 


7 


Boiler tubes erosion 


Fe-Cr-Mo-AI 


✓ 


✓ 


7 


Boiler/Erosion 


Fe-Cr-Ni-AI 
Nickel Alloys 


✓ 


7 


7 


Superheater Tubes 


a. Self Fluxng Ni- 
Alloys 


7 


X 


7 


Shafts, Bearing etc. 


b. Inconel 
(Uns: N06600) 


d 


✓ 


7 


Bond Coat 


c Ni/Cr, 50/50 


7 


7 


7 


Boiler tubes 


Co-Cr-M-C, 

M=W/Mo/Cb 


✓ 


X 


7 


T urtoine blades/ Impeller. 
I D fan 


Copper Alloys: 
Al-Bronze 
Cu+10% Al) 


✓ 


7 


7 


Bearing / shaft 



[Used for Oxy-fuel*(sec.8.2) & Arc Spray**(sec,12.3) respectively] 



The thermal spray metallic coatings cover a vast range of applications 
which include Yankee dryer, boilers, evaporators, turbines, shafts, 
bearings etc. Thermal spraying produces lamellar microstructure with the 
flattened successive layers making up the coating thickness, 
b. Ceramic Materials: Ceramic materials used include oxides, carbides, 
nitrides and ceramic based composites. The oxides, such as, alumina, 
titania, chromium oxide and zirconia are used extensively to produce wear 
resistant coating by thermal spraying. 

Different combinations of oxides are also used. Ceramic oxide materials are 
available in the form of sintered rods or powders for thermal spray 
applications. Thermal spray coating of alumina is used in engine valve to 
minimise wear due to high temperature corrosion, oxidation and friction. 
Thermowells are coated with alumina to resist particle erosion at high 
temperature. Titanium dioxide produces hard and dense coating. The dense 
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coating is useful to resist corrosive attacks of acids and alkalis. Ti0 2 + AI 2 O 3 
coatings resist wear due to erosion, fretting, cavitation and corrosion. 

The dense deposit of can resist particle erosion, corrosion and 

cavitational wear. The chromium oxide is used to coat thread guide and guide 
rolls in artificial fibre industry. 

Pure Zr0 2 while cooling, transforms from high temperature cubic form to 
room temperature monoclinic form, accompanied by large volume change and 
cracks in the deposit. The transformation can be avoided by stabilising high 
temperature cubic form by the addition of CaO, MgO, Y 2 0 3 , Ce0 2 , either 
alone or in combination. Low thermal conductivity of zirconia makes it an 
ideal material for thermal barrier coating. It is also a conductor for oxygen 
ions, a property utilised for making oxygen sensor in boilers and car exhaust 
systems. 

The high thermal expansion coefficient results in poor thermal shock 
resistance of the coating. However the problem can be overcome by using 
partially stabilized zirconia (PSZ), which is produced by using right amount of 
stabilizer and firing at a high temperature. 

c. Composites:- The thermal spray composites consisting of combinations of 
different ceramics, ceramic plus metal, ceramic plus plastic are used for a 
large number of wear resistant applications. The composites spraying 
techniques and typical applications are listed in Table 2.1.3. 

d. Polymers : Examples of thermosetting resins, which are extensively used 
for coating on metal surfaces include epoxy, polyester, epoxy-polyester, 
hybrids, acrylics and fluorocarbons. The powder coating from 
thermoplastic group includes polyethylene, polypropylene, nylons and 
polyvinyl chloride. The applications and spray properties are given in 
Table 2.1.4. 

The primer/bond coats are normally selected according to the top coat 
materials to be used e.g. 

a. Primer HDPE + Top Coat LDPE 

b. Primer Polyethylene + Top Polyvinyl acetate 

c. Primer Epoxy + Chlorinated Polyethylene 

Epoxy can be spray bonded without any binder. Epoxy coatings are used on 
reinforcing steel bars in concrete structure, gas and oil pipe line to resist 
corrosion. The thin, smooth and glossy polyester coat has excellent corrosion 
and electrical resistance. The coating is used for transformers and exteriors of 
equipment. 
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Table 2.1.3: Composites for Thermal Spraying 



Materials 


Process 


Applications 


Metal & Ceramic Composites 


MCrAlY (M = Ni/CCVFe) 


HVOF/ 

Plasma 


Bond coat/high 
temperature oxidation 


SiQ + ZtOt + CoCrAlY + 
AljQ, 


-do- 


Hearth rolls of cont. 
annealing 


CoCrAI -YjQj + CrBj 


-do- 


-do- 


75%Cr 3 C 2 + NiCr 


-do- 


Piston ring/boiler tube 


Ni-Cr-B-Si-C + Cr3C2 


-do- 


Con. Cast Mould 


5.5 BN + Ni 14 Cr 8 Fe + 3.5 Al 


-do- 


Self cleaning of rolls in 
SS annealing furnace 


BN/Graphite + Ni 


Plasma 


Aeroengine-abradable 

coating 


WC-Co + Stellite 


HVOF/plasma 


Fan blades 


Plastic and composites 


Al-Si + MCrAlY + Polymer 

+ Lubricant 


Plasma 


Abradable coating in gas 
turbine turbo-compressor 


AFbronzE + polyester 


Oxyfuel 


Corrosion resist coating 


SS + LDP 


-do- 


Prime coat for SS on plastic 



Table 2.1 A: Properties of Some Polymers for Coating on Metal 



Polymer 


Primer/No 

primer 


Processing 
temperature (°C) 


Hardness 

(Ftockwell) 


Softening 


Curing 


Thermosetting 










Epoxy 


No 


180 


200 


- 


Polyester 


No 


140 


200 


- 


Thermoplastic 










Nylon 6/66 


No 


- 


>270 


109-110 R 


Polypropylene 


No 


167 


> 176 


105-106 R 


Polyvinylchloride 


Yes 


- 


>212 


52 M 


Polyethylene 


No 








I.D 




- 


>115 


23-25 R 


HD 




- 


>137 


59-62 R 
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Nylon 6/66 coating has low coefficient of friction and good lubricating 
properties. The coating is used for sliding or rotating bearing applications, 
e.g., automotive spindle, shaft, relay plunger, shift forks, etc.. However, 
polypropylene coating material adheres to metal surface only after heating to 
360°C. The coatings resist abrasion and corrosion from a large number of 
solvents at room temperature. The typical applications include conveyor 
chute, chemical processing pipe, drum and tank. 

A primer coat is required to bond polyvinyl chloride to metal surface. The 
coating resists impact and chemicals. The coating is used for dishwasher 
baskets, conduit, cable trays etc.. Polyethylene coating resists most acids, 
alkalis, salts and alcohols upto ~100°C and has zero water absorption 
property. Coated components are used for fume exhaust, ducts, pump & 
impellers. 

e. Polymer Composites: An important application of polymer composites is 
the abradable coating in gas turbines. The reduction in the clearance of 
blade tips and casing can improve the efficiency of gas turbines in 
aeroengines by 5%. Similar improvement in efficiency can be achieved in 
stationary gas turbines, turbo compressors, diesel compressors, turbo 
chargers, and pumps. 

The thermally sprayed coatings on shrouds are so designed as to release fine 
wear- debris when machined by high velocity blades without causing any blade 
wear'. The coating materials are composed of metal or ceramic par ticles (Al-Si 
alloy or MCrAlY or YSZ), polymer and solid lubricant. During thermal spray 
deposition, the polymer phase lowers the coating stresses, thereby allowing 
thick deposits. Also polymer gets burnt out at the application temperatures of 
400°C (Al-Si), 700°C. (MCrAlY) or still higher at 1200°C (Y 2 0 3 -stabilised 
Zr02), thus generating porosities and improving abradability. The functional 
properties of the polymer materials can be further improved by incorporating 
fillers, e.g. stabiliser (copper salts) addition in nylon to ensure long term 
performance at high temperature, or 2-3% carbon black addition to avoid 
degradation against UV light etc. 



Properties of Thermal Spray Coatings 

Bond Strength:- Bond strength of the coating is determined in accordance with 
the stipulation made in ASTM C633-74. The method covers the determination 
of the degree of adhesion (bonding strength) of a coating to the substrate, or 
the cohesive strength of the coating in a tension normal to the surface. The 
bond strength values of plasma spray deposits are normally in the range of 
7000 psi to 9000 psi. 
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Porosity & Hardness :- Dense coatings produced by plasma and other high 
velocity spray system result in higher surface hardness. Some of the important 
properties of the single ceramic oxides (13) are indicated in Table 2.1.5. The 
indicated property values for most of the oxides fall within a range. For 
thermal spraying the four main oxides used include alumina, titania, 
chromium oxide and zirconia. Thermal conductivities at room temperature 
and at elevated temperature of most of these oxides ar e within the range of 1.7 
to 17 W/m.K, excepting for AI 2 O 3 (35 W/m.K). Similarly linear coefficient of 
expansion is within the range of 0.2 to 1.5% excepting for Cr 2 Oj (0.1%). 
Microhardness values of the oxides are in the range of 600-1000 kg/mm 2 
excepting for A1 2 Oj (3000 kg/mm 2 ). Young modulus values of oxides are 
within 205-415 GPa without any exception. The properties of plasma spray 
oxide deposits can differ from those indicated in Table 2.1.4 for pure oxides. 
The hardness and thermal conductivity of the sprayed deposits are lower than 
pure oxides due to porous nature of the coating. 

Tab.2.1.5.Some Selected Properties of Single 0xldes(AI J 0 3 ,TI02,Cr 2 0 3 ,Zr0 ;! ) 



Properties 


Room Temp. 


1095*C 


Outside the Range 


Thermal ConductMly 
(WAnK) 


1.7-17 


1. 7-6.9 


MgO(52WAn K) 
AI 2 0 3 (35WAn K) 


Linear Thermal Expanslon(%) 


0.2 -0.3 


0.8-1 .5 


Cr 3 O 3 (0.1) 


MIcrohardnessOcgAnm 2 ) 


600-1000 




Alj03(3000) 


Youngs Modulus, Gpa.(10 s psl) 


205-415, 

(30-60) 


205-345 

(30-50) 





Micro structure 

Thermally sprayed deposits show a typical lamellar structure. Typical 
microstructures of plasma sprayed deposits of chromium oxide, zirconia, 
alumina, titania, and titania plus alumina are shown in Figs. 2.1.2, 2.1.3, 
2.1.4a, 2.1.4b, 2.1.5, and 2. 1 .6 respectively. 

The bulk of the coating cross section consists of the lamellae formed by the 
splat of molten powder particles on impacting the substrate or previous 
deposit surface (Fig. 2.1.4b). The unmolten particles retain their original 
crystalline compositions and shapes. There are several types of porosities 
identified in SEM and STEM studies, such as, less than 0.1 micron in 
diameter formed by coalescence of microvoids between the lamellae, 0.5-2 
micron diameter formed mostly by unmolten particle and dark voids in the 
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lamellae with bright rounded nodules mostly formed by trapped volatile gases 
within the lamellae. 
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Flg.2.1 2.Plasma sprayed chromium oxide coating 




Fig 2.1 3.Plasma sprayed zlrconla coating 




Fig.2.l .4 Mlcrastaicture of Plasma Sprayed AI203 




Fig. 2.1 4b. Plasma sprayed AI203 deposit (SEM) 
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Fig.2.1.5. Microstmcture of Plasma Sprayed TI02 




Flg.2.1.6.Microstmcture of AJ203 +TI02 (plasma) 




Fig. 2.1 .7. Plasma Sprayed Coating of MCrAlY 




Fig. 2.1 .8 Vacuum plasma sprayed MCrAlY coating 
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The microstructures of an atmospheric and a vacuum plasma sprayed deposits 
are shown in Figs. 2.1.7 and 2.1.8 respectively. The coating material is 
MCrAlY. The atmospheric plasma spray coating exhibits lack of homogeneity 
and contains large number of oxides and voids. On the other hand, the vacuum 
plasma deposit of same material is comparatively more homogeneous and 
contains less of oxides and voids. 



Applications 

Thermal spraying has probably the largest range of applications covering 
almost all the industries with a vast range of coating and substrate materials. 
Most widely used in aircraft industries (compressor, combustor & turbine), 
followed by others including engineering (compressors, pumps, guide rolls, 
dies etc), chemicals & petrochemicals (pumps, valves, vessels, thread guide, 
rolls, Yankee drier), automotive (piston crown, ring & groove, tappet valves), 
medical (implants like hip joint) etc. 

From the list of main applications industry-wise, some typical industrial 
applications are discussed as follows 

Paper and Pulp Industry.- The wear in rolls (e.g. forming, breast, wire, 
suction, felt etc) and cylinders (for coating, drying, creping and cooling) used 
in paper and pulp industries is mainly due to heat, corrosion, adhesion and 
abrasion. In the pulp industry, wear in black liquor recovery boilers is due to 
corrosion and erosion. 

MG Cylinder (II):- 

The most widely studied application in this area is the wear control of the 
drying cylinder, called MG Cylinder (or Yankee Dryer) through the 
development of suitable thermally sprayed coating. 

These are large (10-20 ft diameter x 22 ft maximum length) cast iron steam 
heated cylinders used for drying the wet paper, esp, tissue paper. The cylinder 
rotates at speeds up to 100 RPM and produces dried paper at rates of 6000 
ft/min. maximum. In operation wet tissue is delivered to diyer on a felt web 
running over a pressure roll or rolls, and remains on diyer surface until it is 
removed by a scraping doctor blade at the other end. The cylinder surface is 
subjected to adhesive wear due to doctor blade, abrasive action (& paper) of 
paper and felt, and corrosive action ofthe liquid (3.5 to 8.5 pH). 

Plasma Spray Method:- Grind the dryer to proper contour/Grit blast with 
chilled Cl grits/Plasma Spray to 1mm thickness/Grind finish to 0.9mm with a 
belt grinder. 
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Performance:- Mo + NiCr coating showed the superior heat transfer rate, 
better sheet adhesion and release, longer doctor blade life, increased wear- 
resistance. Coating materials used so far- on the cast iron (grade 60) cylinder of 
220-25 HRC are indicated in Table 2.1.6. 



Tab2.1 .6, Thermal Spray Coating Materials on MG Cylinder 



Spray 


Material 


Hardness 


Deposit thickness(mm) 


Bond Strength 







(HRC) 








Arc 






4.0 


2.0 to3.0 


3,500 






38-42 


2.0 


1.5 to 1.0 


3000 






45 


1.0 


0.9 


5000 



Textile 

The highly abrasive synthetic fibers can cause severe abrasive wear on 
parts like rolls, friction discs, hot plates, thread guides, heater tracks in textile 
industry. Plasma sprayed ceramic coatings of alumina, alumina plus titania 
and chromium oxide are normally used to minimize wear- in these 
components. The coating density and hardness of ceramic oxide deposits are 
found to improve by using oxygen containing carrier gas instead of usual 
argon (12). The density and hardness of zirconia and titania show highest 
increase followed by chrome oxide and alumina-titania and pure alumina 
showing least improvement. By switching over from argon to oxygen 
containing carrier gas the average coating hardness (Knoop 100) shows an 
increase from 260 to 488 for zirconia, 409 to 703 for titania, 995 to 1135 for 
alumina-titania, 936 to 1231 for chrome oxide and 644 to 814 for alumina. 

Automotive Industry 

In developing high performance engine, it was found necessary to coat 
several engine components with plasma spray deposits at the OEM stage. 
Some of the components and the coating materials used ar e listed in the Table 
2.1.7. 

Thermal Barrier Coating on Piston Crown : The efficiency of most 
commercially available engines can be improved by coating the piston crown 
with an insulating material like stabilised zirconia. For a 180 KW (240 HP) 
diesel engine, thermal barrier coating of zirconia can increase the engine 
efficiency by 4% (14). The main requirements of the thermal barrier coating 
materials include a low thermal conductivity, resistance to corrosive and 
erosive environments, coefficient of thermal expansion high enough to be 
compatible with metal, and thermal shock resistance. The plasma sprayed 
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stabilized zirconia is used extensively in aeroengines as an ideal thermal 
barrier coating material. Yttria is the preferred stabilising agent for zirconia, 
although coatings with calcia, magnesia and ceria stabilized zirconia have also 
been used. The stabilised zirconia has been successfully tried as thermal 
barrier coating on piston crown, esp., with steel or cast iron pistons. 



Tab.2.1.7. Plasma Spray Coatings on Automobile Components 



Components 


WeBr 


Coating Materials 


1 Piston Crown 


TBC 


Mg- or Y 2 O 3 or Ce-slablised ZrQ? 


2 Piston Ring 


Artesian 


Mo+NICrBSi.Mo+MoO.NiCr +CrC 


3.Cam Follower 


Adhesion 


Mo,Mo+NiCrBSi 


4.Piston Ring Grooves 


Adhesion 


M 0 JVI 0 + KHCrBSi,NiCr+CrC 


5.Tapet Valve Face 


TBC 


Alumina 


6 Tapet Valve Head 


Adhesion 


Mo-H4ICtBSi 


7.8ynchronlze Ring 
(Inner surface) 


Adhesion 


50AI-Si alloy +50Mo 



Plasma sprayed magnesia stabilised zirconia coating with a bond coat of 
NiCrAlY has been successfully tried (14). The thermal properties of coating 
and base material are as in Table 2.1.8. The magnesia stabilized zirconia with 
a bond coat of NiCrAlY has been successfully tried as thermal barrier coating 
on Cl piston crown (14). Multilayered graded coating with compositions 
varying from predominantly metallic at the interface to ceramic at the top has 
been used to minimize mismatch in thermal properties across the coating to 
base metal. 

The differences in thermal properties between light weight aluminum 
silicon alloy as engine material and the stabilized zirconia as TBC top layers 
are listed in Table 2.1.8. In order to reduce the thermal property mismatch and 
to obtain good bonding, the recommended practices are as follows (15):- 

• Change in bond coat material from NiAlCrY or NiAl to Al-Si alloy 
containing two times more silicon than base metal 
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• Use of complaint fibrous felt in between the base & coating to reduce 
thermal spalling 

• Use of graded coating 



Tab.2.1 .8 Thermal Properties of Base &TBC Coating Materials 



Material 


Thermal Conductivity 
(W/m.K) 


Thermal Expansion Coeff 

(oO’C- 1 




Coating 

(25%MgO+ZrOj, 
& NiCrATY) 


0.78 


9.0x1 O' 6 


Cl 


46.86 


11. 6x1 O' 8 


C-Steel 


51.88 


10.5X10 8 


AFSI Alloy 


146.44 


21 .5x1 0" B 



In order to obtain consistency in entire deposit quality, process automation 
may be necessary. Thinner coatings of less than one millimeter thick 
(including bond coat) is preferred. Apart from coating properties such as, 
microstructure and severity of thermal cycling, the failure of plasma sprayed 
zirconia and other thermal barrier coatings has been identified as due to 
amount of contaminants such as vanadium, sodium and sulphur in the fuel. 
Failure of the coatings normally occurs due to spalling through separation 
across the ceramic-bond coat interface. Next generation of zirconia based 
thermal barrier coatings (TBC) is expected to be those stabilised with ceria 
(approximately 25 wt%). Ceria stabilized zirconia coatings provide improved 
resistance to thermal shock resistance and high temperature corrosion. The 
coating of this type has been suggested as ideally suited in cases where fuel 
impurities are present such as, diesel engines and jet engines. 

Wear Resistant Coating on Piston Ring : In the piston ring of high 
performance engines, thermal sprayed coatings of refractory materials are 
being introduced in place of earlier used hard chromium plating. The piston 
rings consist of top ring, second ring, and oil rings. The conventional surface 
treatments along with the current trends in hard surfacing the piston rings are 
indicated in the following Table 2.1.9. The requirements of piston rings of 
higher performance has led to a shift towards thermal sprayed coatings from 
the conventional hard chromium plating. The current trend is also to replace 
cast iron base material by stainless steel. Amongst the other processes tried, 
such as, gas nitriding, composite plating, PVD etc, physical vapor deposition 
(PVD) is found to be most promising. However, the process restriction of 
using vacuum chamber results in low productivity when using PVD process. 
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Thermal Spraying has been used advantageously as a high productive process 
(16). 

Tab.2.1.9.Sutface traatment processes for piston rings 
Piston Ring Base materials Surface treatment 

Conventional CurrentTrend Conventional CurrentTrend 



Top Ring 



Second Ring 



Alloyed SG iron 

Low alloy steel 

Austenitic stainless 
steel 

SG iron 

Grey cast iron 



Austenitic 



stainless 



3-Piece Oil Ring 

Side Rail -> Carbon steel 

Expander-1 Austenitic stainless 
steel 

2-Piece Oil Ring 

Oil Ring - Carbon steel 

Expander J Austenitic stainless 
steel 



steels 



Cr-plating - 
Cr-plating 
Gas nitriding 



Flame 

or 

HVOF 



Cr-plating or 

Cr-plating 

Plasma 



Cr-plating 
Gas nitriding 

Cr-plating 
Gas nitriding 



Spray 

of 

Mo-MoO 

or 

Mo-NiCrBSiC 

or 

NiCr-Cr2C3 



The ideal coating on piston ring should have following properties 

• Less wear of coating in comparison to Cr-plating 

• less wear of cylinder bore in comparison with Cr-plating 

• More resistance to scuffing in comparison to molybdenum 

• Superior resistance to break out in comparison to Cr-plating. 

The most promising coating materials based on above considerations include 
Mo + MoO, Mo + NiCrBSiFeC, and NiCr + Cr 2 C 3 . The materials are 
deposited on piston ring by thermal spraying processes, such as, flame 
spraying, HVOF or plasma spraying. 

High hardness coating is required to be high in order to resist scuffing and 
wear. Flame sprayed molybdenum coating contains 8 to 10% oxygen and the 
oxygen content of plasma sprayed coating is around 1%. Due to the large 
difference in oxide contents, the microhardness of flame spray molybdenum is 
950 VPN compared to that of plasma sprayed molybdenum as 400 VPN (17). 
In order to improve the hardness of plasma sprayed deposit, preoxidised 
molybdenum containing 8 to 10% oxygen is used for spraying. Alternatively 
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microhardness of the deposit can be increased to 790 VPN by adding around 
30% of high hardness self fluxing NiCrBSiCFe powder to molybdenum. 
Another high hardness composite powder used for plasma spraying on the 
piston ring is Chromium carbide (Cr 3 C 2 ) plus 20 wt% NiCr. The 
disadvantages of high hardness plasma spray coating includes the difficulty of 
getting fine surface finish of the coating and high wear of cylinder bore. 

Piston Ring Grooves : The plasma sprayed NiCr-Cr 3 C 2 or molybdenum 
coatings in grooves show coating qualities as equal to or better than that of 
hard chromium plating (14). With the grooves of 9 to 18 mm gap, it is 
difficult to get a good adherence of the deposit at a spray angle between 35° to 
55°. 

Cylinder Bore : Cylinder bore (normally 70 to 110 mm diameter) surface 
interacts with the piston ring and the intermediate layer of lubrication in an 
internal combustion engine. An iron base plasma sprayed material has been 
reported (18) to produce coating with low coefficient of friction against piston 
ring under boundary lubrication condition, good thermal shock resistance, 
minimum scuffing tendency and well distributed porosities for retention of 
lubrication. 

Power : 

Boiler Tubes : The fossil fuelled boilers are either coal or oil fired. In a fossil 
fired boiler, the fireside corrosion occurs in the furnace wall, the superheater 
and reheater areas, causing tube wall thinning and premature failure. In the 
oil-fired boilers the vanadium and sulfur level in the oil (19) are important in 
fireside corrosion. In the coal-fired boilers, in addition to sulfur, chlorine 
content (19) of the coal is important in promoting corrosion. The rates can 
vary from less than 50 nm per hour to 300 nm per hour and more, thus giving 
tube lives ranging from more than ten years to two years and less (20). 
Erosion of boiler tubes is caused by the ash and also the dust contents of the 
gas stream and from soot blower operation. The erosion rate increases with 
the ash contents of the coal. The cost effective solution to reduce wear due to 
corrosion and or erosion in boiler tubes is to apply wear resistant coating by 
thermal spraying. Plasma spraying has been found to provide a dense, 
adherent coating of good quality. The best results for protection against 
erosion were obtained on surfaces coated with Cr 3 C 2 (75%) in 80 Ni-20 Cr or 
with Al 2 0 3 .The coating thickness for chrome carbide +NiCr was 0.75mm and 
that of alumina was 0.4 to 0.75 mm. A bond coat of Ni-Al was used in both 
the cases. However chrome carbide + NiCr coating with higher thermal 
conductivity than alumina is preferred for boiler tube application (20). For 
corrosion, 50 Cr : 50 Ni alloy out performed all other coating materials. The 
FeCrAl alloy possesses fairly good corrosion resistance properties but has a 
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tendency to spall (20). In order to obtain a dense adherent coating, it is 
necessary to develop a qualified procedure for spraying mainly based on the 
following factors 

• Develop adequate surface finish by using specified grade of alumina 
and carrying out the blasting operation under optimum conditions. 

• Clean & preheat the surface by dry & preheated air blasting. 

• Spraying should start immediately after preheating allowing very little 
time for the surface to get oxidised. 

• Maintain proper spray angle (s 90°) by the use of manipulator 
consisting of a rectangular framework mounted on the boiler 
scaffolding with a carriage which can move along the length of each 
tube under power at a predetermined speed. The perpendicular motion 
allows the torch to be moved from tube to tube. Also the torch is 
mounted on a quadrant device allowing the angle of spray adjusted to 
=90° according to the circumferential position of the tube. 

• Avoid overlapping, since a local area of double thickness leads to 
excessive stresses and spalling. 

Protective Coating on Cooling Water System : Thermal spray polymeric 
coating are used to resist corrosion in cooling water systems where sea or 
estuarine water is the cooling media. Coating material used include epoxy, 
polyester and polyurethanes. Such coatings on steel and cast iron components 
prolong the lifetime by two or three times (19) than that ofnon-coated surface. 

Plasma Sprayed Coatings for Gas Turbine: In aeroengines, mean turbine 
blade temperature is 950°C but the peak temperature may exceed 1100°C. In 
marine and industrial services, a maximum temperature of 850°C is 
encountered but the environment is more erosive (21). The corrosion and 
oxidation are caused by high temperature combustion products while the 
erosion is due to particles resulting from incomplete combustion. The 
accepted service life of aircraft turbine is below 10,000 hours and for 
industrial turbine is 50,000 hours (21). The basic concept in selecting 
materials for critical components of the turbine is to specify high creep 
strength nickel base alloys, such as Nimonics (Ni-Cr-Mo-Al-Ti alloys) as 
substrate and use surface coating to guard against environmental degradation. 
The plasma spray coatings in gas turbine components are used to serve one or 
more of the following purposes:- 

• Resist Oxidation & corrosion 

• Resist Fretting & Erosion 

• Become Abradable 

• Act as Thermal Barrier. 
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In addition, coating properties should include the following:- 

• Interface stability, i.e., there should be low rate of diffusion across 
interface and no embrittling phase formation at the high operating 
temperature 

• The stress mismatch between coating and substrate during formation 
and use should not be high enough to cause poor coating adhesion & 
subsequent spalling. The coating should have enough strength to 
withstand operating stresses at the surface. The coating materials used 
for different purposes are listed in Table 2.1.10. 



Tab.2.1 ,10, Turbin# Coaling Materials & Wear Applications 



Coating Materials 


Purpose 


Applications 


MCrALX(M=Fe,Ni,Co) 


Corrosion & oxidation 


Turbine blades 


X=Y, SI. Ta. Hf 


resistance coating 




WC-Co 


Fretting & erosion 


Mid span damper 




resistance coating 




NICrAI+Bentonite(700' 1 C) 1 ' 


Abradable coating 


In engine casing, between rotor 


Nickel graphite (700*C)’* 




blade & casing: labyrinth seal. 


AIS+RA’<45Q*C) 




Non-aeroengine components 


MCrAIY-HW+PolymeffTOtTCr 




like, radial compressor, turbo- 


YSZ+RA , +Polymer(1200 ll C)*' 




-charger, turbo-compressor etc 


Stabilised Zirconia 


Thermal barrier 


Primary zone sections of 


+ MCrAIY bond coat 


coating 


combustors, nozzle, guide vanes 



*RA=Releasa Agent; "Maximum Operating Temperature 



Oxidation & Corrosion Resistance Coatings: The composition of M-Cr-Al 
system is so selected as to give a good balance between corrosion resistance 
and coating ductility, while active element additions can enhance oxide scale 
adhesion and decrease oxidation rates. A successful cobalt base coating 
composition is Co-25Cr-14Al-0.5Y. Recent coatings are based on more 
complex MCrAlX system, where M = Fe, Co, Ni or a combination of these 
plus the active elements X, such as Y, Si, Ta and Hf. A combination of active 
elements has been found to reduce coating degradation through their 
synergistic interaction. In gas turbine hot corrosion occurs mainly due to salt 
contaminants, such as Na 2 S 04 /NaCl mixtures, dissolving protective coatings 
through formation of low melting point alkali compounds. Based on the 
different proposed mechanisms, the hot corrosion processes are classified as 
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high temperature (type I, 800-950°C), low temperature (type II, 650-800°C), 
and hot salt corrosion. Overlay coatings generally perform better at high 
temperatures (>900°C) reflecting good adherence of alumina scales which is 
promoted by the presence of active elements such as yttrium. However the 
corrosion rate is high at lower temperatures, 650°C-850°C. The corrosion 
resistance can be further improved by use of platinum underlayer and 
overlayers (22) or by other additions such as Ti, Zr, Hf, Si and Ta. Plasma 
spray methods have found wide acceptance particularly argon shrouded and 
vacuum plasma spray processes. The high deposition rate of plasma spray 
system can be used to produce thick coatings with compositions similar to that 
of powder feedstock. The lamellar, equiaxed microstructures of plasma spray 
deposit are without any leader defects as found in EBPVD coating containing 
columnar structure. Argon shrouding or vacuum process reduces the 
possibilities of oxidation & loss of reactive elements such as aluminum. The 
porosity is further reduced by post coating thermomechanical processes. The 
plasma spraying is a line of sight process requiring complex robotic 
manipulations for complete coverage. 

Thermal Barrier Coatings : Thermal barrier coating is used to protect flare 
heads and primary zone sections of combustors against the effects of hot 
spots, thereby improving considerably combustor life. In view of the success 
achieved in this area, the attention was diverted towards the use of thermal 
barrier coating on blades and vanes. However the present use is restricted to 
platforms of nozzle guide vanes. The duplex thermal barrier coating consists 
of a bond coat of M-Cr-Al-Y and a top coat of stabilised zirconia. The bond 
coat not only provides an adhesive bonding between ceramic top and metal 
substrate, but also provides corrosion protection to the base metal against any 
ingress of corrosive gas through the porous top layer. Bond coat also 
accommodates the difference in Young's modulus and thermal expansion 
coefficients between metal and ceramic. The bond coat of 125 qm is normally 
applied by using low pressure plasma spray system (LPPS). The rough surface 
produced by low pressure plasma spraying is utilised to achieve good 
adhesion between bond layer and the ceramic top. A bond layer exceeding 
12.7 micrometers roughness average can be produced by using low pressure 
plasma spray. The advantage of using LPPS to deposit a bond coat is the 
ability to add Hf, or other elements, which enhance the adhesion of aluminium 
oxide scale thus improving the life of the deposited thermal barrier coating. 
The top ceramic coat of stabilised zirconia can be carried out by air plasma. 

Antifretting Coating: The vibration of fan and compressor blades in jet 
engines is controlled by mid-span dampers. A mid-span damper provides 
contact point between the blades to constrain lateral and torsional motion 
which could result in flutter causing damage to the blade. Plasma sprayed 
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WC-Co coating is applied to the contact surfaces of mid-span dampers to 
reduce wear. The coating failure can cause damage and cracks in mid-span 
damper. The continued propagation of the cracks formed may result in engine 
failure. The damper performance is improved by inducing compressive 
residual stresses on the coated surface (23). 

Diffusion Barrier Coating : In order to increase efficiency, the trend is to 
operate engines at higher temperatures and reduced cooling. At these higher 
operating temperatures, the coating life is severely impaired by interdiffusion 
of elements between coating and substrate. Therefore it is necessary to 
minimise diffusion ofkey elements from coatings to substrate by providing an 
intermediate diffusion barrier layer. For example, an ion plated diffusion 
hairier layer ofNi-13%Al between top layer of high chromium and superalloy 
substrate reduces considerably the diffusion rates of chromium at higher 
operating temperatures (24). 

Graded Coating : In addition to diffusion layer, it is possible to develop a 
multilayered coating with increasing amounts of key elements like chromium 
and aluminium from interfacial to top layer. The mismatch of composition as 
well as other properties between the consecutive layers being gradual, the 
stability of graded coating is excellent. The lower concentration gradient 
reduces the diffusion rates and thus retaining the heat, corrosion and oxidation 
resistance of the top layers at the higher operating temperatures. 

Abradable Coating : The gas turbine engines operate by compressing inlet air 
through a series of rotating blades enclosed within an outer casing and 
mounted to a center drive shaft. Engine efficiency depends, amongst other 
factors, on the clearance between the rotor blades and engine casing. The 
reduction of the clearance between blade tip to casing can cause blades 
nibbing against the shroud. By coating the shroud with abradables, it is 
possible to close the gap between interacting surfaces. Thermally sprayed 
abradable coating of composite materials (Table 2.1.10) applied to casing are 
sacrificial during clearance changes while providing a tight seal without 
damaging expensive rotor blade tips. The sacrificial coatings are also used in 
labyrinth seal locations to channel engine cooling air. The coatings are 
designed to be readily abradable but also should be able to resist particle 
erosion of abrasive dusts at high velocities coming out of the engine. In order 
to increase fuel efficiency, the operating temperatures of jet engines are 
increased to such an extent that the abradable shroud linings should be able to 
withstand a maximum temperature of 1200°C, instead of earlier requirement 
of 350°C. In addition to aeroengines, abradables are also used in most of the 
other rotating machineries such as stationary gas turbines, turbo compressors, 
radial compressors, turbo chargers and pumps. 
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The coating materials consist of fine powder particles as matrix, a 
polymer to generate porosity and solid lubricants or release agents to act as 
dislocators within the coating. During thermal spray deposition, the polymer 
phase lowers the coating stresses, thereby allowing thick deposits. Also 
polymer gets burnt out at the application temperatures of 400°C (Al-Si), 
700°C. (MCrAlY) or still higher at 1200°C (Y 2 03-stabilised Zr0 2 ), thus 
generating porosities and improving abradability. Compressor blades made 
from fibre -reinforced polymers, titanium-alloys and steels, are used at 
comparatively low operating temperatures. The selection of coating materials 
is based on operating temperature and is normally restricted to polymers, AlSi 
+ polymer, and metal matrix with solid lubricant etc. The superalloy 
compressor blades operating at higher temperatures (~700°C) need MCrAlY 
matrix, Ni-graphite or ceramic matrix. For operating temperature above 900°C 
in jet engine turbines, only ceramic-based abradables are recommended. In 
ceramic based abradables, there is no need to use releasing agent, since 
ceramics wear in a brittle manner. In order to protect the blade interfacing 
with hai'd ceramic abradables, it is necessary to harden the blade tip. Excellent 
performance has been reported for blade tips hardened by laser melting with 
simultaneous injection of hai'd particles (25). Atmospheric plasma spraying 
(APS) and HVOF are preferred processes due to their controllable spraying 
parameters, thus assuring reproducible quality. Due to the high coating density 
of APS and HVOF deposit it is essential to incorporate a sacrificial phase such 
as polymer that can be burnt out to generate porosity. 

Plasma Spray Coating on Ti-alloys used in fighter Aircraft:- Fighter aircraft, 
such as F-22 uses large quantity of titanium alloys, approximately 42% of its 
weight for airframe and some critical systems (26). The Ti-alloys are used in 
aerospace industries because of their high strength to weight ratio. The alloys, 
such as, Ti-6A1-4V and Ti-6Al-2Sn-4Zn-2Mo, possess excellent resistance to 
fatigue, high temperature and environmental effects. However, these alloys 
are prone to sub-surface embrittlement caused by in-service oxidation at 
elevated temperatures. Vacuum -plasma sprayed coatings of MCr or MCrAlY 
are used as effective oxygen barrier. 



2.2.2 Non-Transferred Arc Plasma Scan Hardening (5) 

A highly concentrated non-transferred arc plasma jet with power density 
similar to electron & laser beams (10 4 - 10 5 W/cm 2 ), has been successfully 
used for surface hardening of a submerged arc weld overlay. SAW Overlay 
material is a 5% Cr die steel (5Cr-0.5Mo-1.5%V-0.2C). A 30-KW non- 
transferred arc torch with a special interelectrode insert is used with following 
main variables:- 

1. Torch nozzle orifice diameter (D) = 6.0 & 4.0 mm. 
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2. Current (I) = 300 & 400 A. 

3. Torch travel speed (S) = 7.0 & 9.0 mm/s 

Combinations of above parameters produced different surface temperatures 
and cooling rates, as follows:- 

1. Highest surface temperature (1282°C > A 3 ) & cooling rate (9.12 x 10 5 
c/s) obtained by using large diameter nozzle (D = 6.0 mm), high 
current (I = 400 A), & low traverse speed (S = 7 mm/s). 

2. Lowest surface temperature (663°C < A|) and cooling rate (3.16 x 10 5 
c/s) obtained by using small nozzle orifice (D = 4.0 mm), low current 
(I = 300 A) & high traverse speed (S = 9.0 mm/s). All other 
combinations of parameters in between 1 & 2 led to surface 
temperatures between A 3 -A| and also above A 3 . By using optimum 
parameters, plasma scanning results in the development of around 3.5 
mm thick case with uniform hardness of 520-540 from 5% Cr-weld 
overlay of 390-410 HV. Most of the carbides dissolves during heat 
treatment and thus on cooling the microstructure contains traces of 
Fe 3 C, 2% Me 23 C 6 , 7.2% retained austenite and high hardness 
martensite. Ductile microstructure with discrete carbide particles in 
the finely dispersed martensitic matrix of high dislocation density 
leads to rise in impact strength and dynamic fracture toughness. High 
compressive residual stresses on the plasma hardened surface improve 
the fatigue properties of the component. Application areas include 
tools, dies and machine components used for hot deformation process. 
The components are made of either 5 %Cr steel or weld overlay of 
5%Cr steel on cheaper substrate. Plasma treatment results in 65% 
improvement in wear life compared to untreated components. 



2.2.3 Post Spraying Processes (ref 1-ch 1): 

The spray coats usually require some surface finishing operation before 
putting in service. The spraying processes may include machining/grinding, 
fusing the deposited surface or sealing the surface pores with organic 
compounds, like wax or epoxy (Fig. 1.4.9, chapter 1). Advanced systems for 
fusion of spray deposits includes plasma, induction, laser and solar beams. 
The advanced post spray processes, excluding those using plasma are to be 
covered in the appropriate sections. 



2.3 Plasma Transferred Arc Process (6, 7, 8, 27, 28): 

In this process, the primary plasma arc column struck between anode and 
cathode is transferred to the base. In other wards, by connecting the substrate 
to negative terminal, plasma arc column is formed between anode and the 
base material. The powder materials fed into plasma get molten along with the 
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surface layer forming weld overlay on the substrate. The schematic of the 
system is shown in Fig. 2.2.1. 



CARRIER GAS 




FIG.2.2.1 PLASMA TRANSFERRED ARC POWDER WELDING SYSTEM (SCHEMATIC) 



Torch:- Similar to plasma spray, the torch consists of the central thoriated 
tungsten cathode and water cooled copper anode block. Plasma is generated in 
argon passing through an annular channel between anode and cathode. The 
anode block is provided with a channel to convey the metal powder using 
argon as carrier gas into the plasma arc. The molten droplets and deposit are 
protected from atmospheric contamination by a stream of shielding gas of 
argon or argon + hydrogen passing through the outer annular space in the 
torch (Fig. 2.2.2). 



Gas 

The commonly used plasma gas in PTA is argon. Argon or argon plus 
10% hydrogen is used as shielding and carrier gas. Gas manifold is used to 
maintain the required supply pressure. 

Power Supply 

In PTA, primary arc is struck between the anode and cathode in the torch 
and the plasma column so formed is extended to the base by transferring the 
arc to the base metal. 
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STAND OFF 
DISTANCE 



Fig. 2.2.2. PLASMA TRANSFERRED ARC 



Plasma weld surfacing using powder is normally done with direct current 
electrode negative (DCEN) polarity. Power sources available in the market 
include a wide range of currents, e.g., 0. 1 to 500 amps. Low amperage range 
(upto 80 amps) is known as microplasma. Standard units cover 100-300 amps 
range, and above 300 amps units are known as high power PTA. The use of 
inverters, i.e., the primary pulsed power sources instead of conventional 
transformers has reduced the weight of power pack considerably. Portable 
inverter base power pack is now available from all the major manufacturers. 

Advantages of using inverters include microprocessor controls & digital 
display (may provide memory functions), shuts HF starts immediately after 
the arc is established thus minimizing any potential interference with 
electronic equipment. Inverter based units can incorporate pulse welding 
capabilities. Inverters offer many possibilities; their applications are limited to 
lower output and thus cannot be used for high amps range of PTAW (27). 
Alternative to the inverter is secondary pulsed and conventional sources. 
Although inverters are in use since late 1980, improvements made in last few 
years have made possible some inverters to approach the reliability levels to 
that of conventional power source (28). 
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Pilot Arc:- 

A small auxiliary power source is required for pilot arc. High frequency 
spark is required to start the primary plasma arc and to start the pilot arc. 

Torch Os cilia tion:- 

Arc oscillation can be achieved by mounting the torch on a open-slide that 
provides movement of the torch transverse to the line of travel. By controlling 
cross-feed speed, amplitude & dwell time of oscillation, it is possible to obtain 
required weld overlay bead size and shape. 

Arc Voltage Control (AVC):- 

Arc itself is a sensor, since it converts a measurement of length (arc gap) 
into an electrical signal (arc voltage). AVC compares the measured and 
desired arc voltages to determine the direction and speed at which the 
electrode should be moved. The difference expressed as voltage error signal is 
amplified to drive motors in a slide which supports the torch. 

Powder Feeder.- 

An inert gas is used to cany the powder onto the plasma. In PTA, argon is 
used as carrier gas. Fluidised bed system of feeding the powder is preferred. 
The system takes care of uniform flow of powder despite differences in 
densities in composite powders, such as, mechanically mixed WC plus Ni- 
base self-fluxing alloy (matrix) powders. Dual feeder system has been used 
successfully to form graded layers of required compositions, by controlling 
the feed rates of two different powders. 

ID Torch for PTA Welding using Powder 

For coating inside a bore or tubular products, the PTA torches available 
can work within an internal diameter of 35 mm and length up to 460 mm. 

Process parameters & controls affecting deposit properties:- 

Harris and Smith (29) used a two level, half replicate factorial design to 
study lineal' and first order interactive effects between the process parameters 
and quality features (ref Harris & Smith) and found direct correlation amongst 
process parameters like current, feed rate, travel speed, oscillation width and 
torch stand-off and the deposit qualities in terms of hardness, width, height 
and dilution. The control of torch stand-off (voltage), current, powder feed 
rate and travel speed leads to optimum deposit characteristics. The controls 
are achieved by presetting the independent variables before the start of the 
process. Some data on parameters controlling the deposit quality of Stellite6 
powder in terms of dilution (30) are tabulated in Table 2.2.1. However, for 
individual application the optimum process control data are to be established 
by conducting trails, before going for mass production. PTA using powder is 
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more tolerant to variations in process parameters compared to GMAW or 
GTAW (30). 

Current: - 

The current is normally varied between 80 to 249 A, depending on the 
consumable feed rate, travel speed and the type ofjob. Higher current enables 
higher deposition rate, and thus improves productivity. However the use of 
higher current results in higher dilution (Table 2.2.1), distortion and 
overheating of the substrate. Therefore, it is necessar y to find out the optimum 
current required to produce the acceptable levels of dilution, distortion and 
overheating of the base, combined with high productivity. 

Feed Rate/Travel speed 

Feed rate depends on current and travel speed. For a given deposit 
thickness and width, feed rate is determined by travel speed. Higher feed rates 
are used for higher travel speeds to produce required bead size (Table 2.2.1). 
For a particular- feed rate and travel speed, the optimum current is to be found 
which would result in acceptable dilution limits. 

The travel speed Vs (mm/s) and the diameter of circular surfacing layer, d 
(mm) are related as follows (31):- 

Vs = 7t d/t, where t = surfacing time in seconds. 

Powder feed rate, g (g/min) is related to travel speed of Vs by the following 
equation: - 



g = Vs.h.p/ri, 



where h = average height (mm) of the deposit per oscillation, p = density of 
the alloy (g/mm 3 ), and r\~ powder deposition efficiency 

Dilution (32):- 

For a given dimension of the deposit, the dilution increases with the 
increase in the current. In order to achieve the acceptable dilution level in a 
single layer deposit, the current need to be controlled to a minimum required 
value (Table 2.2.1). However, for a multilayered deposit, higher current can 
be used in building up the deposit thickness, excepting the top layer. For top 
layer, minimum required current for acceptable dilution level is used. The use 
of higher current shall result in the increase in productivity. In case of Stellite 
6 coating on low carbon steel base, the dilution by iron results in decrease of 
the deposit hardness. 
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Tab. 2. 2.1 Process Parameters & Dilution in Stellite6 PTA Deposit 



Deposit Area 


Dilution 


Travel Speed 


Current 


Powder Feed 


(mnrf) 


(%) 


(rrrrYs) 


(A) 


Rate(g/min) 


7.5 


5 


49 


163 


17.5 




10 


4 


172 


15 


125 


5 


4.2 


175 


23 




10 


2.7 


185 


17 




15 


2.2 


191 


14 


25 


5 


2.6 


182 


28.5 




10 


1.8 


194 


180 




15 


1.35 


198 


15.0 



Bead Area: - 

Larger size beads require more current and thus lead to more dilution. For 
example, in bead size less than 7.5 mm.sq., normally the dilution is restricted 
to 10% (Table 2.2.1). For large deposition areas, it is advisable to have 
multilayered deposit instead of a thick single bead.The higher current required 
to build up a thick layer shall result in more dilution in the deposited layer & 
distortion of the base structure. Due to overheating and slow cooling for large 
single bead size, the grains and the precipitated carbides become coarser. Also 
for large bead size, the wetting angle of 90 may lead to fusion defects across 
the bead. In multilayered deposit, the lower wetting angle of say 60 to 70 
degrees allow more opportunity for a subsequent deposit to be fused onto a 
previous bead, thus reducing the possibilities of fusion defects. 



Major Advantages of PTA : 

Low Dilution (32) 

In comparison to other welding processes, PTA using powder alloys 
produces very low dilution, i.e., very low pick-up of base material elements in 
the weld metal. Dilution in PTA deposit can be controlled within 5%, where 
as in other welding processes, such as MMAW, the dilution in the first layer 
can be as high as 30%. With 30% dilution in each layer, three layers of weld 
deposits in MMAW shall result in the top layer with approximate dilution of 
2.7%, i.e., within the compositional range of a single layer deposit from PTA. 
In MMAW, using 4mm diameter electrode, the three layers of deposits shall 
add up to 9 mm in thickness. Thus the top 3 mm layer of MMAW deposit 
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conforms to the required chemistry of the wear resistant weld overlay. In 
PTA, the specified composition of the wear resistant alloy can be retained in 
the first layer, thus allowing substantial savings in costly wear resistant 
material, energy and time. 

Low HAZ:- 

Lower HAZ in PTA deposit using powder alloys is possible due to lower- 
heat input to the base metal. Thick deposits in other arc welding processes 
lead to longer depth of heat affected zone in base metal. 

Weld deposition on difficult to weld metals:- 

Due to low HAZ, low dilution and possibilities of making thin coating, 
PTA process has been successfully used to form crack-free weld overlay of 
high carbon highly alloyed cobalt base alloys on:- 

• cast ferritic stainless steel, such as, CA6NM in critical hydroturbine 
components 

• forged SS in engine valves 

• forged ring of AISI410 in process control valves 

Savings in Costly Wear Resistant Materials: 

For a number of applications, such as tappet valves for passenger car, a 
thin layer of wear - resistant material is required to be weld deposited on the 
seat area. It is possible to make a fraction of a millimeter thin deposit of 
expensive wear resistant powder (size 45-70 microns) materials by PTA. Also 
unlike other arc welding processes, the deposit retains the wear resistant 
properties of the Stellite powder used. Additionally unlike other arc processes 
no grooving is required to be formed for PTA deposition in the seat area of 
tappet valve. All these factors leads to enormous saving in materials. 

High Productivity 

Less welding time to build single layer deposit without filling the 
grooving and no subsequent elaborate finishing operation lead to very high 
productivity in PTA. 

Coating Materials:- 

A wide range of wear resistant alloys belonging to Fe-, Ni- and Co-bases 
are used to make weld overlays by PTA process. Coating materials are used in 
the form of spherical powders (approximate ASTM sieve size range is -100 to 
+325 mesh) with good flowability. The powder alloys are normally produced 
by gas atomization. 

Metal matrix composites are produced by mechanically mixing required 
proportion metallic matrix powder(s) and hard carbides or by adding hard 
carbide powder in the molten metal pool created by plasma transferred arc. An 
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example of mechanically blended metal matrix carbide composite is a mixture 
of 50% self -fluxing Ni-Cr-B-Si-C alloy plus 50% tungsten carbide, both in 
the form of powder. The composite has been successfully used as PTA deposit 
for various applications, including tricone rock cutting bit, ID fan blade, sinter 
fan blade etc. For plastic extrusion screw, a wear resistant PTA deposit 
consisting of a mixture of high speed tool steel (matrix) and titanium carbide 
on the screw edges has found to improve substantially the life of the 
component. Another technique of forming composite is to melt the surface by 
PTA, while making controlled addition of hard carbides from a feeder to the 
molten pool. Improvement in wear resistant properties of light weight 5083 
Al-alloy can be achieved by PTA melting of the surface with simultaneous 
addition of hard carbides (TiC, NbC). 

Today almost 90% of Stellite & other wear resistant overlays on tappet 
valves, process control valves, hydroturbine components are carried out at 
OEM stage with automated PTA. In some nuclear valves it is mandatory to 
use only PTA process (29). Due to low heat input, the distortion in PTA 
process is less compared to other fusion welding processes. Selected coating 
materials, their nominal compositions and applications are listed in Table 
2 . 2 . 2 . 

Typical Applications 

Engine Valves (33,34):- 

The wear properties of engine valves material depend on the type of fuel 
used, the duty cycle, stationary or mobile engine etc. The exhaust valves 
operate in severe environments of combustion products, especially the valve 
face area. The selection of valve materials is based on their corrosion and 
oxidation resistance properties in the high temperature combustion products of 
the specified fuel and operative conditions. However, the valve face needs 
extra protection against adhesive, abrasive and high temperature corrosive 
wear. In certain cases valve seat area needs extra coating. The commonly used 
coating materials for valve face are listed in Table 2.2.2.The commonly used 
valve materials include iron-base austenitic alloys, such as, 21-2N (0.55 C, 
8.25 Mn, 20.35 Cr, 2.10 Ni, 0.3 N, rest Fe), 21-4N (0.52 C, 9.0 Mn, 21 Cr, 
3.85 Ni, 0.44 N, rest Fe) and nickel base alloy l ik e Inconel 751 (0.1 max C, 
15.5 Cr, 0.95 Cb, 2.30 Ti, 1.20 Al, rest Ni). 

In gasoline engines, for light duty applications, such as, automobiles and 
small utility engines, the exhaust valves operate in the range of 1350 to 
1700°F (732 to 927°C). The valve materials are subjected to severe wear due 
to high temperature oxidation and corrosion. The materials like 21-4N and 21- 
2N mostly cater for this kind of requirements. With the current use of lead 
free gasoline, the corrosive wear due to formation of low melting compounds 
by deposited lead does not occur. 
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Table 2.2.2. Selected Hat of PTA alloy i, com positions & applications 



Alloys & Nominal Composltlon(wt%) 


Wear/Applicatlons 


Iron base 




1 .Ferritic SS AlSt 410(0.040, 13Cr,4NI) 


Hot Corrosion 


AISI 414(.03C,13Cr,5NI,.14N) 


/Con-Cast Rolls 


2-Aust. SS AISI 309Cb(.08C,23Cr.14NI,1.1Cb) 


Cevkeliorveroslon/ Hydroturbine 


AISI 31 6L(.03C,1 7Cr,1 2Ni,2.5Mo) 


Pitting Corroslon/Chemlcel Equipments 


3. HSS M42(1 .1C.4Cr,.5Mo,14W.1V,8Co) 


Hot hardrtess/Cold Shear Blades(Steel ) 


4 .White Cl Fe-2.4C,1 1 3M,24Cr,0.6Mo,1 ,2SI 


Hot hardness.Thennal shock & Oxidation 




resistance fConcast RolIsJD & Sinter Fen 


Nickel base 




1 .hfi-Fe-Cr ’incoloy 800<21Cr,3B.5Fe,.35Ti, 


Heat resistant/Carburising plant / 


35AI.) 


Petrochemical equipments subjected 


2.Ni-Cr -Inconel 625(22Cr,9Mo,3.5Cb,. 


to carburising 

Corrosion & heat resistant/chemical, 


32AI..32TT) 


marina & pollution control equipment 


3.Nt-Cr-Mo "Hestelloy 278(1 6Cr.16Mo,5Fe, 


dit1of?ecovery of ‘sour natural gas’, 


35V.3.5W), 


heat exchanger, shear blade 


4J4l-Cr-Mo-Tt-AI — Udimet 520(19Cr,6Mo, 


Creep resistarrt/Bar forging hammer. 


12Co,3.5Ti,2 Ai) 


dies 


5. Ni-Cr-Si-C (1 6Cr,0.5B,3.5Si,0.35C,1 7Fe) 


Heat & corrosion resistantflEngine Valve 


Cobalt base (Stellites— *) 

1 Stellite 21 (2SC,1Si,27Cr,5.5Mo) 


Corrosion & heat rest slants orging dies, 


2.Stellite 306(.4C,25Cr,2W,5Ni,6Cb) 


turbine components 

-ditto-/ trydroturbine components 


3. St el We 6 (1C,1Si,2BCr,4W) 


Engine, process control & nuclear valves, 


4. Stellite 12(1.4C,1.4Si,28Si,eW) 


plastic extrusion screws 
-ditto- higher hardness applications 


5.Stelfite190(3.3Cj26Cr,14.5W) 


-ditto-/Driaing & mining equipments 


Metal matrix Composite 
1 .Ni-Cr-B-SFC + WC 


Hard coat on Tricone rock cutting bits 


2,HSS(M2) + TiC 


Hard coat on Plastic extrusion screws 



'Trademark oflnco Alloys lnternallonal,USA/"Trademark of Hynes International me., USA 
"• Trademark of Special Metals he , USA/— -Trade mark of Cabot Corporation, USA 



Heavy pitting due to high temperature oxidation and corrosion on the 
valve face can lead to escape of high velocity gas through the unseated gaps 
resulting in heavy erosive wear- or burning of certain portion of the valve face. 
Erosive wear- causing burning of valve face can also occur by deposited 
combustion product mechanically preventing the valve from properly seating 
on the head. Normally for light duty gasoline engine valves, the base material 
is capable of withstanding the environmental attack and thus no coating is 
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required. The lead free gasoline results in metal to metal contact in valve and 
valve seat due to the absence of intermediate layer of deposited lead. The high 
wear of valve seat area can be prevented by using suitable mating pair of 
coating materials with low adhesive wear (34). 

The wear facing of the flange portion of the engine valves is necessary for 
engines designed for moderate to heavy duty using gasoline or diesel as fuel. 
Materials for the exhaust valves are same as that of light duty engines. The 
wear facing materials normally used include, Stellite 6 (480 HV), Stellite F or 
32 (480 HV), and a Ni-Cr-Fe-Si-C alloy (425 HV) (33). The most important 
property of these materials is the retention of moderately high hardness at the 
temperature of operation. Since wear is inversely proportional to hardness, the 
materials retaining hardness at the operating temperature shall have excellent 
wear resistance (33). The variations in hot hardness values of Stellite 6 (Alloy 
I), Stellite F or 32 (Alloy 2) and Ni ll(Ni-Cr-Si-Fe-C) (Alloy 3) alloys with 
increasing temperatures are shown in Fig. 2.2.3. The microstructures of the 
PTA deposits are shown in Fig. 2.2.4 (Stellite 6) and Fig. 2.2.5 (Ni-60). The 
stationary engines based on diesel or natural gas are characterised by large 
cylinders and slow speed. The exhaust valves of large-bore diesels are 
normally made from 21-4N, 21-2N,and Inconel 751. The wear resistant 
coating of materials, such as Stellite 6 on the flange area of valves minimises 
‘burning’. The ‘burning’ is caused by the presence of metallic salts from 
residual fuels and metallic ash from lubricating oils. Operators normally 
employ diesel engines as prime movers in locomotive and marine service as 
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Fig.2.2.3.Hot hardness vs. temperature of nickel and 
cobalt base allovs deposited bv PTA 
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Fig 2.2.4 Microstructure of Stellite 6, PTA deposit 




Fig 2.2.5 : Microstructure of a Ni-base alloy (Ni-60), PTA 
deposit, 1200X 

In natural gas engines, heavy wear can occur in the valves and seat inserts. 
Since the natural gas burns with very little residue, the oxidized valves and 
inserts surfaces are in intimate contact with each other under high stress. In 
order to minimize wear, the recommended practice is to use high hardness 
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Stellites, such as Stellite 1 (670 HV) or Stellite 12 (500 HV) or Stellite 6 (480 
HV) coatings on valve flange and also on the inserts (10). Natural gas engines 
are normally used in gas and oil fields, pipeline and irrigation service (34). 
The most widely used process for coating the valve face and seat areas is PTA 
using powder alloys materials (33). 

Automated PTA systems are available for OEM valve facing of 
automotive engine valves. For other OEM applications including refurbishing 
the optimum deposition parameters need to be developed. 

Process Control Valves:- 

The sealing faces of the process control valves need to be surfaced by 
wear and corrosion resistant alloys. The alloys used include, Stellite 6, 
Inconel, Monel etc. The selection of the alloy depends on the wear 
environment in which the components need to work during operation. The 
most widely used process is PTA. The advantages claimed (31) over the 
conventional welding process include the followings 

• Five times increase in productivity 

• Seventy per cent less consumption in material 

• Forty eight per cent reduction in cost 

• Hundred to two hundred per cent improvement in service life using 
same hardfacing materials. 

Rock Bit:- 

Rolling cutter rock bits consists of three major components, namely, the 
cones, the bearing pins and bit body. All steel teeth cones need hardfacing or 
wearfacing in the gage surfaces. Wearfacing materials are also applied to the 
teeth depending on the intended usage of the cone. Wearfacing improves wear 
resistance to teeth but reduces resistance to chipping. Hence for hard 
formation cones, only gage is wearfaced and not the teeth. For soft formation 
cones usually both teeth and gage are wearfaced. The nose bearing area, as 
well as the thrust surface areas are hardfaced and ground to provide precision 
friction bearing surfaces. High hardness cobalt base alloy, such as, Stellite 1 
or 190 is normally deposited in these areas by gas welding process. However, 
PTA deposit of a powder alloy composite containing Ni-alloy plus tungsten 
carbide has shown superior performance in comparison to gas welded Stellite 
in these application areas (35). 

Continuous Casting Rollers (36):- 

The rollers in the continuous casting process make contact with hot metal 
as well as cooling water spray. They are thus subjected to a combination of 
thermal fatigue, thermal shock, high temperature oxidation and wear. The 
commonly used surfacing materials for concast rollers is 12-14 % Cr- steels 
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weld overlays which are deposited with sub arc using metal cored tubular 
electrodes or open arc process. Both the processes lead to high dilution & 
coarse microstructure. Rolls of diameters at 200 mm or lower are difficult to 
built up in SAW without intermediate cooling due to excessive heat developed 
during welding. For smaller size rolls, PTA is superior process than currently 
used FCAW due to much less heat input and dilution. In order to increase the 
powder deposition rate of around 15 kg/hr, an high amperage torch of around 
300 A was used. 

A series of powder alloys (13 numbers) belonging to iron (includes 14% 
Cr-steels, Austenitic SS, Cast iron), nickel (Inconel, Hastelloy, Nimonic) and 
cobalt (Stellites) base were deposited by PTA. The hot hardness, oxidation 
resistance, thermal expansion coefficient and thermal shock properties of the 
weld deposits were evaluated. Of all these alloys, a white cast iron (Fe-2.4 C, 
11.3 Ni, 24 Cr, 0.6 Mo, 1.2 Si) and Stellite F (Co-1.7 C, 22.7 Ni, 25.6 Cr, 12.3 
W, 1.3 Si) are suggested as possible substitutes for the 13% Cr steel for this 
application. 

Hydroturbine Components (35, 37) 

The components such as valve seats, spindles, and cones are surfaced with 
stellites (St6, St21 and St306) by PTA process. 

2.3.1 Transferred Arc -plasma Surface Treatment by Scanning (38) 

The surface of a hardenable grade steel is heated by scanning the surface 
with an air arc plasma to austenitising temperature. Self quenching due to 
mass effect is not sufficient to form martensite even in medium carbon steel 
subjected to arc plasma scanning. Faster cooling by water jet shall result in the 
formation of hard martensite on the surface. The plasma current is controlled 
to achieve the required heating rate and the case depth. High intensity plasma 
arc leads to faster heating of the surface in comparison to that of induction or 
oxy-fuel flame processes. 



2.4 Plasma Nitriding (10) 

Glow discharge region of nitrogen containing plasma is used for nitriding. 
Nitrogen ions in the plasma stream striking the clean cathodic substrate 
promote not only nitriding the surface but also provide the heat necessary for 
the diffusion process. Plasma nitriding is carried out in a water cooled 
evacuated chamber (Fig. 2.3.1). Chamber surface forms the anode while 
work-pieces inside are connected to negative terminal. Design of the fixture 
containing large number of specimens should be such that there are enough 
gaps amongst them in order to avoid hollow cathode formation. 

Chamber is grounded through a high resistance to prevent interference 
from the discharge by built up charges on the walls. Voltage across anode and 
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cathode varies between 500 to 1000 V. At electron volt of 1-10 eV and current 
density of 0.1 - 10 mA/cm 2 , glow discharge occurs at a plasma density of 10 6 
- 10 14 cm ' 3 (Fig. 2.3.2). 




Flg.2.3.1 Plasma NItrldIng System (Schematic) 
(Legends: 1- Vacuum furnace, 2-Workpiece, 3 Power pack & 
control, 4-Temperature controller, 5-Gas mix & control 
6 - Vacuum pump) 




10 10 10 10 10 
Current in amps • — y 

Fig.2.3.2 Current-Voltage Characteristics of Electric Discharge 

Before abnormal glow discharge (Fig. 2.3.2), there is a normal glow discharge 
region marked by a fall in voltage to -400 V. The voltage remains almost 
constant with the increasing current in normal glow discharge region. Beyond 
this region, steep increase in voltage is required to increase the current, and 
the discharge occurring under these conditions is known as abnormal glow 
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discharge. Nitrogen containing plasma formation in a vacuum of — 1 0 2 -10 5 
torr and an applied voltage of -500 volt leads to abnormal glow discharge 
(Fig. 2.3.2) region. Abnormal glow discharge plasma containing nitrogen 
results in nitriding of the components. During abnormal glow discharge, the 
current density is uniform everywhere in the cathode. The uniform current 
density on the cathode surface results in uniform heating, deposition and case 
depth of nitrided components. 

Important factors influencing the glow discharge include (i) type of gas, 
(ii) gas pressure, (iii) electrode size & spacing and (iv) current & voltage 
condition (39). Different proportions of gases are mixed in a gas mixer and 
delivered at uniform pressure through gas manifold. Commonly used 
plasmagenic gases for nitriding are N2 + Ar or H 2 or NH3 +Ar. Argon 
sputtering, prior to nitriding produces irregular clean surface which is found to 
be favorable to the formation of nitride layer. Nitriding of titanium was 
carried out by introducing nitrogen gas into chamber at 4 torr and using a 
subsidiary cathode to produce glow discharge at specimen temperature of 
800-1000°C (39). 

Process 

After evacuating to 10“ 5 torr, the chamber is flooded with plasmagenic gas 
mixture to a pressure of 1 0 2 - 1 0" 3 torr. The d.c power source is switched on 
and the voltage level is gradually increased to around 500 volts, when the 
glow of the discharge forms and covers the entire specimen, leaving a small 
dark region close to the cathode (specimen). Dark region corresponds to 
cathode fall region, where electron impact ionization is most prominent. The 
energetic nitrogen ions in plasma stream strike the specimen surface resulting 
in (i) the breakdown of passivating surface oxide layer, (ii) the rise in surface 
temperature to nitriding range (400-600°C) and (iii) mass transfer due to 
bombardment by nitrogen. 

Glow discharge is maintained for a specified time depending on the 
temperature and the required case hardness & depth. Nitrided components are 
allowed to cool in the chamber. 

Time for treatment at a particular temperature can be obtained from a plot 
of hardness against time. Har dness peak is obtained at optimum time. Shorter 
treatment period is required for higher temperature. With increasing 
temperature and time than the optimum, the hardness decreases due to 
coar sening of precipitates and grains. 

Gas pressure in the chamber and the nitrogen content in the gas are also 
required to be optimized so as to achieve high hardness value of ar ound 700 
HV on nitrided surface. 
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Mechanism of plasma nitriding 

The suggested mechanism of plasma nitriding is the formation of uniform 
layer of iron nitride on the surface through combination of sputtered iron 
atoms from cathode surface and nitrogen ions from plasma. Plasma process 
allows both bulk and grain boundary diffusion compared to only grain- 
boundary diffusion in gas nitriding. In plasma nitriding, it is possible to form 
single phase y’ or e-nitride in contrast to mixed (y’ + e) phase in conventional 
nitriding. White layer formed due to single phase y’ is comparatively more 
tough with minimum residual stress. 

Microstructure ofnitrided layer- 

The Fig. 2.3.3 a & b are the optical and SEM micrographs of glow 
discharge nitrided AISI 420 steel. The case depth is measured to be 61 
microns. The XRD and XPS studies indicate the presence of predominantly 
hexagonal e-FejN phase in the microstructure. Also observed the presence of 
CrN and minor phase ofFe 4 N in the microstructure (40). However, the XRD 
studies on plasma nitrided AISI 410 showed the presence of a mixture of y’- 
Fe 4 N and e-Fe 3 N (41). 

Microhardness profile ofnitrided specimen:- 

The microhardness and N concentration profiles follow the same pattern. 
The microhardness is maximum (1400 HV) up to 60 micron beyond which 
there is a shaip decrease to the microhardness value of the base alloy at 80-90 
micron (Fig. 2.3.4) (ref 40). 

Plasma Nitriding Alloys'. 

White layer (0.005 - 0.01 mm) of y* nitride (Fe 4 N) can foim on almost all 
types of alloy steels (heat treatable steel, nitriding steel, hot working steel, 
maraging steel etc). Presence of nitride forming elements, such as Cr, Al, Mo, 
W, V, Ti etc, leads to increase in the hardness of diffused layer to an extent 
depending on the type & amount of nitride formation. 

Applications 

The nitrided components possess excellent adhesive wear resistance, 
particularly to galling and scuffing, and have proved very successful in 
prolonging the life of dies & tools (punches, progression and press tools, dies 
and forms, slitting knives, plastic processing moulds and machine parts), 
automotive components (shift forks, rocker arms, tappets, cam shafts, discs & 
housing of rotary piston engines, cylinder liners, piston rings, crank shafts, 
gears, pinions, pinion shafts etc), forging dies, pressure bar pins & moulds, 
drive gears ofrolling mills, cranes and turbine transmission. 
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Fig.2,3.3a Optical microstructure of plasma nitrided steel 




Fig.2.3.3h.S'EM picture of plasma nitrided steel;X3000 
Total case deptlt of 61micron,f>rst few microns with 
different structure, ( Permission to reproduce fig. 
2.3.3a& b ar e obtained from authors of ref.40) 




Fig.2.3.4 Microhardness and nitrogen concentration 
profile(Ref.40, permission to reproduce obtained 
from the authors) 
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2.5 Plasma Carburising (42, 43, 44) : 

Plasma carburising is carried out in a vacuum furnace at 950-1050°C by 
diffusion of deposited carbon ions on the surface. The carbon ion containing 
plasma is produced by glow discharge in mixture of hydrocarbon plus 
nitrogen (for dilution). 

Process 

The schematic diagram of a plasma carburising system is shown in Fig. 
2.4.1. The water-cooled vacuum chamber contains three compartments. The 
compartment on the left is connected to vacuum pumps and that on the right 
for quenching the carburised specimens. Middle compartment, which can be 
connected to either left or right ones, is used for plasma carburising. 
Carburising chamber contains anode, specimens as cathode and graphite 
heating elements. Specimens resting on a roller hearth are shifted after 
carburising for quenching to next chamber. Since the temperature required for 
carburising is almost 2-times that of nitriding, therefore separate arrangement 
is required to heat the specimen through graphite heating elements. Unlike 
nitriding, plasma is used only as a source of carbon. Once the required 
vacuum level is attained, the middle chamber is closed from both the sides. 
After heating the specimens to carburising temperature, methane (diluted with 
nitrogen) is introduced in the middle chamber. Methane is preferred to other 
carburizing gases, because plasma excitation enables it to provide a 
carburising gas yield of up to 80%. At an applied voltage in the abnormal 
glow discharge region, a thin glow from plasma surrounds the workpiece, 
causing increase in the carbon content on the surface layer. Specimens are 
quenched in oil immediately after carburising. 



Methan« +Nitrogen 
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Advantages of Plasma over Conventional Carburising-. A high carburising 
temperature of 1050°C in plasma process requires less time to develop the 
same case depth. For example, case depths of2.5-3.0 mm can be achieved by 
low pressure plasma process in 20 hours, which is roughly half the time 
required by conventional process (43). The amount of carbon deposition on 
the surface depends on plasma current density, which can be controlled and 
monitored (43). As a result, it is possible to produce an uniform carburised 
layer with superior structure and excellent reproducibility. 

High pressure gas quenching or ‘dry quenching' of carburised 
components using inert gas as quenchant has gained popularity in recent years 
due to ecological and economic advantages over liquid quenching media. 
Emission of nonpolluting gas, clean surface of the component and equipment, 
reduced distortion of parts are some of the advantages cited in favor of high 
pressure quenching. 

Plasma or glow discharge carburising has shorter cycle time, closer 
control of surface carbon and no part size limitation. Also there are no surface 
oxidation and less distortion than conventional processes. In plasma process, a 
simple mechanical masking is required to prevent carburising of any part of 
the component. The other three carburising techniques, viz, pack, gas & liquid 
require costly masking methods, such as copper plating or stop-off paste. 
Plasma process has been used successfully for partial or selective case 
hardening. For example, only the teeth of the steering-system pinion gears are 
plasma carburised leaving the gear tips and roots unhardened by masking with 
caps. The internal blind hole of a fuel injection nozzle is uniformly carburised 
leaving the outer surface masked by a sleeve during plasma carburising. 

Applications:- Earlier restricted to aircraft industries due to high cost, plasma 
carburising is gaining popularity in automobile & other sectors as a major case 
hardening process for critical components. 

Similar to carburising, nitriding & carbonitriding, plasma-assisted 
diffusion process for bonding has been used successfully (44). 



2.6 Plasma Paste Boronizing (44, 45):- 

In paste boronizing of stainless steel by plasma heating, a borax paste 
(30% B) is applied to stainless steel surface and then the component is heated 
in an argon plus hydrogen plasma. The diffusion of boron leads to the 
formation of a boron-enriched layer on the surface. The boronized surface 
layer contains precipitates of chromium boride and nickel borides. The 
processing time required for plasma is less than the conventional process to 
form boride layer of same thickness. The microhardness of 2000 HV can be 
obtained on the plasma borided surface. 
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2.7 Plasma Assisted Vapor Deposition (10, 46, 47, 48, 49): 

The process consists of vaporizing and subsequent deposition of coating 
material from the vapour phase onto the substrate. When the evaporation of 
the coating material is carried out with high intensity beam, such as plasma, 
ions or electron or by electrical heating the process is known as Physical 
Vapor Deposition (PVD) process. Alternatively, volatile compound of the 
coating material in vapor phase at high temperature is allowed to decompose 
on the substrate so as to deposit the required elements or alloys on the surface. 
The alternative technique is known as Chemical Vapor Deposition (CVD) 
process. The list of coating materials includes metals, carbides, nitrides, 
carbonitrides and amorphous diamond (Table 2.6.1). The coating can be made 
of a single layer or a multiple layered deposit of same or different coating 
materials. 



Tab.2.6.1 Some Coating Materials for Vapor Phase Deposition 



Element 


Carbide 


Nitride 


Carbonitride 


Ti 


TiC 


TiN 


TiCN 


Ta 


TaC 


TaN 


TaCN 


Zr 


ZrC 


ZrN (TiZrN) 


(Ti-Zr)CN 


Cr 


- 


CrN 


- 


Al 


- 


TiAIN 


- 


Mo 


- 


- 


- 


W 


wc 


- 


- 


Hf 


HfC 


HfN 


- 


C 


- 


- 


PC3N4- 



2.7.1 Plasma assisted PVD: 

Physical vapour deposition process is carried out by vaporizing the 
material to be deposited by evaporation, sputtering, or ion plating process and 
then condensing the vapor on substrate surface. Evaporation process can be 
carried out by heating the coating material by resistance, RF induction or by 
high energy beams like plasma. Ion plating is carried out with ion beams 
heating system. Evaporation technique produces PVD coating with lowest 
adhesion at highest deposition rate. A major disadvantage of sputtering 
technique, compared to evaporation and ion plating is the low deposition rate. 
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which does not exceeds 500 -1000 A 0 per minute and only reaches 10,000 A 0 
per minute with copper due to its good thermal conductivity. However with 
more recent magnetron & plasma sputtering processes higher deposition rates 
can be achieved. 

The structure of the vacuum evaporated deposit (47, 48, 49, 50) depends 
on substrate temperature (Fig. 2.6.1). At substrate temperature less than 0.26 
Tm (for oxides) or 0.3 Tm (for metals), where Tm being the melting 
temperature of the material, the structure of the deposit is fine grained and 
convex in shape (zone I). At substrate temperature between 0.26 to 0.45 Tm 
(for oxides) and 0.3-0.45 Tm (for metals), columnar structure results (zone 2). 
With further increase in the temperature above 0.45 Tm, a denser deposit with 
improved grain formation is achieved, (zone 3).The ‘3-zone’ model has been 
established for many materials such as Ti, Ni, W, AI 2 O 3 , Zr0 2 and TiC. The 
superior deposit purity is obtainable with shorter distance between substrate 
and evaporation source, lower residual gas pressure and higher evaporation 
and condensation rates. 




Zone 1 

METALS T < 0.3Tm 
OXIDES T< 0.26TM 



Zone 2 

T = 0.3 - 0.45 Tm 
T = 0.26 - 0.45 Tm 



Zone 3 
T >0.45Tm 

T > 0.45Tm 

Fig. 2.6.1.Variation in Microstructure with Temperature in Vapor Phase 
Deposit (Schematic). T= Substrate Temperature and Tm = Melting Point. 



Plasma Sputtering Deposition: 

Production of sputtered coating utilises abnormal glow discharge 
phenomenon, like plasma nitriding, between the coating material (target) 
connected to cathode and the specimen as anode (Fig. 2.6.2). Sputtered 
coating is produced in a chamber evacuated to a vacuum of 10' 5 torr and 
subsequently flooded with plasmagenic inert gas like argon to a pressure of 
10' 1 -10 ‘ 3 torr. Abnormal glow discharge occurs between the cathodic target 
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material (coating material) and the grounded substrate with applied voltage in 
the range of 100 V to several KV. Positively charged ions from plasma in the 
glow discharge strikes the negatively charged target with high energy at 1000 
eV. The process disintegrates atoms or groups of atoms (molecules) from 
cathode surface and is known as ‘sputtering’. The “knocked out” or 
“sputtered” materials from the target settle on the surface of substrate. Prior to 
coating operation, the surface can be cleaned by reversing the polarities, when 
the plasma produced by glow discharge cleans the substrate surface by 
removal of surface layers. Non-conductive materials, such as, refractory 
carbides, nitrides and oxides can not be deposited while using DC mode. 
Reactive DC sputtering or RF power source is used for non-conducting films. 
Gas occlusion (Ar) can occur in deposit using higher pressure. The gas 
occlusion and slow cooling rates are the principal limitations in DC or RF 
sputtering. These difficulties can be overcome in magnetron sputtering where 
higher sputtering rates can be obtained at lower pressure. 




Substrate Bias 

Fig.2.6.2 Schematic of DC Sputtering 

Magnetron Plasma Sputtering:- In magnetron, electromagnetic field is 
designed to magnetise trapped electrons near cathode (sputtering target) 
resulting in enhanced ionisation of plasmagenic gas. The magnetron plasma, 
normally consists of ionised argon, is accelerated towards the target. The 
striking plasma stream causes sputtering from the target. The magnetron target 
can be cylindrical or planar (disc or rectangular) in shape. The magnetic field 
can be balanced or unbalanced. In a planar magnetron with a leakage 
magnetic field near the substrate is known as unbalanced magnetron. 
Normally more than one magnetron is used, preferably placed at alternate 
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ends with the substrate in the middle. This type of configuration leads to 
higher coating rates. Usually magnetrons are made with DC or RF biasing of 
the target. Recently bipolar single and dual magnetrons are also used. This has 
made possible to sputter insulating and multiple targets. In a bipolar power 
supplies, the voltage waveform changes between positive and negative with 
respect to reference. The negative bias does the sputtering (also charges the 
insulator surface positive) and while positive bias accelerates electrons and 
neutralizes the surface positive charge. In dual power supplies, two separate 
targets can be biased which enable reduction in sputter time & formation of 
new coatings. For example, TiAIN coating can be formed by sputtering from 
aluminum and titatnium targets in a nitrogen atmosphere. The oxidation and 
wear resistance of Ti(C, N) coating is improved further by adding aluminum 
to the coating (51). In this case aluminum oxide layers form on the Ti(CN) 
during use at higher temperatures, which minimises diffusion of elements 
from or into the coatings. As a result, the diffusion wear, which represents one 
of the major wear mechanisms affecting cutting tools, is minimized. Apart 
from argon used for sputtering, another reactive gas, such as nitrogen can be 
introduced in order to form the desired coating (nitride with nitrogen). It has 
been observed that the use of a separate plasma environment ionizing the 
background gas results in the improvement in sputtering rate, coating 
formation rate and coating adhesion to substrate. 

The density and structure of sputtered deposit are dependent on substrate 
temperature and deposition rate. Similar to evaporation method, the columnar 
deposit structure is observed at substrate temperature above 0.5 Tm. At 
substrate temperature above 0.7 Tm, equiaxed grains are observed. Sputtering 
is one of the most effective techniques for deposition of multilayer coatings, 
due to the followings: - 

• Unlike other PVD processes, it permits transformation of original 
materials to the vapor form as a result of impact ablation of the target, 
without any intermediate liquid phase 

• Less danger of decomposition than in the case of electron-beam 
induced evaporation (52) 

• Sputtering is not limited by the melting point of the coating materials. 

• Sputtered deposits have appreciably better adhesion than obtainable 
through other evaporation processes. The impingement of the 
sputtered high energy particles effects penetration into the surface of 
the substrate thus causing diffusion and improved adhesion of coating 
materials. 

• Sputtering also enables multicomponent alloys of the correct 
composition to be deposited even at low temperatures by varying the 
partial pressure ratio between the reactive and process gases. 

With plasma sputtering the deposition rates can be increased to -250 micron 
per hour, which is lower by one order of magnitude than those obtainable with 
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evaporation process. The sputtering process has been used to produce 
segmented structures consisting of number of fine cracks perpendicular to the 
substrate surface (49). The network of small individual segments is expected 
to improve strain tolerances and thermal cycling life. 

The level of nuclear plant exposure due to activated cobalt wear debris 
can be reduced by providing wear resistant coating on cobalt base materials. 
Multilayer chromium nitride (Cr-N) ss /Cr 2 N coatings consisting of chromium 
nitride (Cr 2 N) top layer and solid solution of nitrogen in chromium (Cr-N) ss as 
the base layer are produced by a reactive, unbalanced magnetron sputtering on 
cobalt base alloys, such as Haynes 25 and Stellite 3. This coating results in 
significant decrease in wear rates in nuclear applications (53). 

Sputtering like other PVD processes is a “line of sight" process, hence the 
thickness of the deposit falls off towards the edge. Therefore to obtain 
uniform coating it is necessary to either move workpiece or steer the beam to 
required direction (54). Another development to eliminate ‘line of sight’ 
problem associated with PVD is the use of Plasma Source Ion Implantation 
(PSII) technique. In this process, the target to be implanted is placed directly 
in a low pressure (glow discharge) plasma source and to high negative 
potential with respect to chamber walls. Ions from the plasma are accelerated 
normal to the target surface across the plasma sheath. This eliminates not only 
line of sight problem, but also the problem of non-uniform dose retention in 
non-planar targets (54). 

PVD Applications The commonly used coating materials are titanium 
nitride (TiN) & titanium carbide (TiC). Various combinations of coatings, like 
TiC + TiN or TiC + TiC(N) + TiC etc are also used to improve the tool life. A 
thin film of gold-coloured TiN coating improves wear resistant properties of 
cutting tools, plastic extrusion dies, moulds etc. PVD process can be earned 
out on tools after heat treatment or finished tools, provided the tempering has 
been earned out above the PVD process temperature employed. This permits 
use of this process to form a thin wear resistant coating on finished tools, 
made from heat treatable tool & die steels. As a matter of fact, new 
ISO/Euronorm grades of carburising steels with higher tempering 
temperatures (>300°C) are increasingly being used for carburising gears and 
other dies & tools applications in order to enable TiN, TiC & diamond coating 
on the finished components (55). 



2.7.2 Plasma Assisted CVD (PCVD) 

A major drawback of CVD process is the requirement of high substrate 
temperature (~1000°C) for the deposition process. With the use of glow 
discharge plasma in chemical vapor deposition process, the substrate 
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temperature can be reduced to the same level as that of PVD coating, i.e., 150- 
200°C. 

Process : 

In this process, prior to deposition, hydrogen (plasmagenic gas) is 
introduced into the evacuated chamber and a dc glow discharge between the 
furnace wall and the substrate leads to formation of hydrogen plasma. Plasma 
stream containing hydrogen ions strike the substrate and increases surface 
temperature between 400-700°C. Reactive gases, methane (for TiC), or 
nitrogen (for TiN) are introduced to a total pressure of 4 torr. Uniform coating 
ofTiN or TiC is obtained at deposition rates between 1-3 micron per hour. 

Variables'. 

The chlorine content in TiN coating increases with decreasing temperature 
below 550°C and that of TiC coating below 475°C. Coating hardness 
decreases continuously with decreasing deposition temperature. Hardness of 
coatings with a chlorine content of less than 5 wt% are 3000 & 2000 HV for 
TiN & TiC respectively, and continues to decrease with increase chlorine 
content. TiN & TiC coatings formed by plasma assisted CVD have higher 
adhesive strength than similar coatings formed by ion plating and they have 
very good wear' and seizure resistance. 

Plasma enhanced chemical vapor deposition process (PECVD) has been used 
to deposit wear- resistant coating of lOOnm thick diamond like nanocomposites 
on miniature micro-electro-mechanical components. The film contains a 
diamond like network of C : H and a second network of Si : O with good 
adhesion to most substrates. The hardness of the film ranges from 9 to 17 Gpa 
with friction coefficient of about 0.5 in air at 30 to 50% relative humidity (56). 

Thermal-plasma CVD, unlike conventional PCVD operation is not restricted 
in a reduced pressure. Thermal-plasma CVD has been used to form ceramic 
coatings at high deposition rates. It has been successfully used for deposition 
of diamond or diamond-like coatings (DLC). 

Microwave-plasma CVD using gas mixtures of methane & hydrogen with 
additions of oxygen and carbon-di-oxide has been used to produce diamond 
film on silicon. Substrate temperature is at 870°C. 

High Energy Intensified Plasma Assisted Processing (HEIPAP) unit employs 
three power supplies, viz, emission source for heating filament and DC- 
powered positive plate plus RF-powered substrate holder for generation of 
highly intense plasma. Nitrogen is used to form plasma containing nitrogen 
ions, which combine with sputtered aluminum atoms from the base to form 
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aluminum nitride on the substrate surface. Advantages claimed include the use 
of nontoxic nitrogen compared to toxic or flammable precursors required for 
CVD (57). 



2.7.3 Vapor Phase Deposition Techniques for Diamond 

A large number of thermally assisted processes or combinations are used 
for the low-pressure diamond deposition. The list of vapor phase diamond 
film deposition processes include the followings (ref. 58):- 

1. Thermally activated CVD (TA-CVD) : These are high temperature 
processes. 

i. Hot Filament/hot surfaces 

ii. Laser heating 

iii. Arc discharge and arc plasmajets 

iv. Oxy-acetylene gas flame 

2. Electric or electromagnetic gas discharge activation : These are mainly 
plasma activated chemical vapour deposition or PA-CVD processes. 

i. Microwave or radio frequency gas discharge 

ii. AC or DC glow discharge 

iii. Plasmajet induced by RF/Microwave/DC 

3. Combination of 1 and 2. 

i. Hot filament plus Microwave. 

ii. Hot filament plus DC discharge 

iii. Hot Filament plus BIAS or in other words, electron assisted CVD. 
Excepting the processes involving plasma, others are discussed in the 
relevant chapters. 

Types and formation of diamond coatings :- The chemistry & structure of the 
diamond coatings can vary widely, and accordingly the coatings are referred 
to as follows: 

i. hydrogenated amorphous carbon (a-C:H) 

ii. metal doped hydrogenated amorphous carbon (Me:a-C:H) and 

iii. Diamond-Like Carbon (DLC) which are carbon coating containing 
mixtures of diamond and graphite . 

A mixture of methane and hydrogen is generally used in vapor deposition 
system to produce diamond coating. Hydrogen in it’s atomic form tends to 
stabilise sp 3 bonding (diamond) and to eliminate sp 2 bonding (graphite). When 
an atomic hydrogen dominated plasma stream containing carbon strikes the 
prepared substrate surface, any graphite bonding is washed away leaving only 
high quality diamond (57). Silicon wafer substrate facilitates nucleation and 
growth of diamond. Silicon combines with hydrogen in hydrogen plasma to 
form SiH 4 , which on reaction with CH 4 forms (1-SiC. Nanocrystals of P-SiC 
helps nucleation and growth of graphite (58). Polycrystalline diamond can be 
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grown by a variety of techniques, including PVD (55) and microwave plasma 
assisted CVD (46, 59) technique. Self-supporting polycrystalline diamond is 
usually allowed to grow on silicon substrates and removed chemically after 
growth. Wafers can be polished, processed and laser cut to required 
dimensions. High quality white transparent diamond containing virtually no 
graphite grows at a very slow rate. High growth rate is observed in the 
formation of ‘black' diamond containing small amounts of graphite . While the 
former is required for electrical & optical applications, the latter is used for 
cutting tool inserts and heat spreaders. 

Properties and Applications (ref 60):- Due to very strong chemical bonding, 
the hardness, molar density, thermal conductivity, sound velocity, and the 
elastic modulus are the highest of ah known materials while its 
compressibility is the lowest. The dynamic friction coefficient of diamond is 
0.05, a figure which is as low as that of Teflon and the lowest amongst the 
materials of interest. Diamond does not react to normal acids even at elevated 
temperatures. Hot chromic acid or a mixture of sulphuric and nitric is used to 
remove graphite from the surface of diamond. Molten hydroxides, the salt of 
oxy-acids, and some metals (Fe, Ni, Co etc) have some corrosive effect on 
diamond. At temperatures above 870°K diamond reacts with water vapor or 
CO 2 . Diamond reacts chemically with metals like tungsten, titanium, tantalum 
and zirconium, to produce carbides at high temperatures. Diamond dissolves 
in white iron, cobalt, nickel, manganese and chromium at high temperatures. 
Due to dissolution reaction of diamond with iron at temperatures above 
680°C, diamond tools are not suitable for machining operations of steels. Due 
to high hardness and low coefficient of friction, diamond is used as cutting 
tools. The cutting applications include nonferrous materials like aluminium & 
its alloys, copper & its alloys and ceramic materials like quartz, sapphire, 
Si 3 N 4 , SiC, WC etc. 

Diamond or diamond like coating has the following advantages (55): 

• permits use of less lubricants and the additives(less pollution of 
environment). 

• improves load bearing capacity 

• extends working life of the component 

• allows use of cheaper, lighter base material. 

Wear of a diamond coated carburised transmission component, e.g., low speed 
planetary gear system sun wheel under poor lubricating conditions, is less than 
l/4 th of that occurs in carburised component. Low wear in diamond coated 
component is due to low friction and high hardness of the coating (59). 

Diamond coated high speed, highly loaded gears have shown fatigue 
limits of around 20% more than corresponding carburised materials. Since the 
fatigue life of both the through-hardened and carburised gears after diamond 
coating is similar, hence considerable cost saving is possible by the use of 
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through-hardened component. (55). In diesel fuel injection systems, emission 
control legislation has led to reduced lubricity of fuels and increased injection 
pressures, the use of diamond coatings has become the only possible 
technology to combat wear due to scuffing. It is possible to precisely control 
the formation & dimensions of thin diamond coating and thus can be used on 
components without any design change. 



2.8 Vapor Phase Deposition of Amorphous Materials 

Amorphous structures of crystalline materials can be produced by rapid 
cooling of the liquid during solidification or the vapor phase during 
condensation. The vapor condensation process is mainly used for producing 
required magnetic and electric properties in the amorphous materials. By rapid 
condensation from vapor phase at a cooling rate of more than 10 5 K/sec, the 
crystalline metals and alloys can form a deposit with amorphous or glassy 
structure. The atomic deposition process is estimated to produce “cooling 
rates” of around 10 15 K/sec (61). 

Plasma gun techniques have been used to produce amorphous materials (61). 
In one system, the substrate rotates and the plasma gun oscillates to cover a 
wider substrate area and thus reduce substrate heating. In another case, a gas 
jet at right angle to plasma sweeps away the hot plasma gas. Thick film of 
amorphous metal can be made by the plasma guns. Thickness of the film can 
be several millimeters. However with increase in thickness there is an increase 
in internal stress leading to formation of cracks and separation of deposits 
from substrate. Thicker films may contain 10-15% porosity. 

Sputtering (62) has been used for production of amorphous metals. Parameters 
controlling structure & properties of the deposits include sputtering rate, the 
nature (d.c or r.f) and magnitude of substrate bias, the overall geometry of the 
system and the substrate temperature. Of equal importance is the composition 
and pressure of the atmosphere supporting the plasma. Significant amount of 
plasma gases (Ar or Ne) or reactive gases present as impurities may be present 
in the film and will affect the properties. 

Magnetron Plasma Sputtering can result in high deposition rates of 1 micron 
per minute. The faster rates of deposition makes the use of sputtering for other 
applications than the thin film such as wear resistant coating. 

Vacuum Evaporation where thermally vaporized atoms are allowed to 
condense on the substrate has been used to deposit amorphous metal film (63). 
The process can be carried out by heating the coating material by resistance, 
RF induction or by high energy beams like plasma, electron or ion. As with 
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sputtering the deposition rate, atmospheric composition & pressure and the 
substrate temperature are the important parameters determining the character 
of the film. The control of alloy composition in the deposit is difficult when 
only one molten alloy source is used due to differing vapor pressure of the 
constituent elements. Thus an independently controlled source for each of the 
components of the alloy provides the best compositional control. Even 
nominally pure metals, such as cobalt and chromium has been produced as 
thin film with amorphous structures by this technique (64). 

Due to higher cooling rate and possibilities of codeposition of different 
elements in atomic scale, the condensation process can be used to form 
amorphous materials with following special features: 

a. Wide compositional range, for example almost nil solubility ofNi in 
liquid Ag-Ni alloy, it is possible to produce Ag-Ni amorphous alloy 
deposit with 13at% Ni solubility by sputtering. Also homogeneity 
range can be extended for certain compounds, such as, M^Ge by 
sputtering (65). 

b. Difficult alloys, such as Cu-Sn, Cu-Ag and Au-Co can be produced in 
amorphous state by sputtering or evaporation but not by melt quench. 

c. Codeposition of elements in atomic scale can lead to formation of 
novel compositions. Sputter deposits of compositionally modulated 
amorphous film of Pd base/Fe-based materials with wavelength of the 
order of 20 A° are produced. Some of the applications of wear and 
corrosion resistant amorphous metal coatings include tape recorder 
heads (metallic glasses with high permeability combined with high 
hardness) and razor blades (amorphous coating with superior 
corrosion resistance, high hardness and high elastic limits) (66). 



2.9 Plasma Assisted Polymer Surface Modification 

Vacuum Plasma Process (67) is used for cleaning and altering surface 
properties such as surface energy & adsorption of plastics, rubbers and natural 
fibers. Low temperature vacuum plasma process is preferred compared to 
other types of plasmas, such as flame (plasma flame energy causing damage), 
corona discharge (damage due to accumulation of electrical charge), or 
atmospheric ac (material damage due to high energy, also surface 
contamination by airborne particles) plasmas. 

Process: The evacuated chamber is filled with inert gas at 13-65 Nm' 2 . The 
specimens are placed between two electrodes connected to RF power source. 
Normally specimens are electrically insulated. With an applied voltage of 500 
V, the generated plasma impinges on the specimens. At low specimen 
temperature of40-120°C, the impact of inert gas molecules and ions in plasma 
results in non thermally activated changes in the surface (Fig. 2.9.1). Plasmas 
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can also generate radiation in the UV range. UV radiation can penetrate in 
polymer materials to a depth of about 10 micron causing chain scissions and 
cross linking. 




Applications: Some examples of vacuum plasma treatments of automotive 
components include Polypropylene car bumpers, door mirror housings & dash 
boards before painting, ABS components before imprinting wood grain effect 
and PTFE for improved wettability and bonding. RF plasma (Fig. 2.9.1) is 
also used to deposit thin film on a wide range of materials, including metals, 
polymers, and carbon fibers. 

Plasma Polymerisation (PP) of Surface (68, 69):- The process of depositing 
thin (<2 micron) pinhole-free polymeric film onto a wide range of metals, 
polymers & carbon fibre is known as plasma polymerisation. The plasma 
assisted polymerisation process is gaining popularity as a method for 
formation of a thin coating of a new kind of polymeric materials. The material 
constituting the coating is different from either conventional organic polymers 
or inorganic materials. Thus the plasma polymerisation process includes 
polymerisation of metallic or inorganic elements as well as organic materials. 
In conventional polymerisation process monomer molecules grow without 
losing identity. Plasma polymerisation is not a molecular growth process but 
an atomic process of building up a coating. The process is grouped as a 
plasma assisted CVD process. 

Process: 

The electric discharge is carried out by radio frequency (RF) or DC (or 
AC) or corona plasma in a reactor chamber. RF coupling can be inductive or 
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capacitive. The reactor chambers can be tubular or bell jar or rotating drum 
type. The three systems for plasma polymerisation are as follows;- 

a. Inductive Coupling using a tubular chamber, 

b. DC (or AC) plasma using a bell jar 

c. Corona reactor with rotating drum 

The schematic diagram of plasma polymerisation in a tubular chamber by 
electrodeless induction coupling is shown in Fig. 2.9.2. Monomer may be fed 
directly in the plasma or can be mixed with a carrier gas and introduced in the 
plasma glow area. 



RF DISCHARGE COIL 




Flg.2.9.2 RF Plasma Tubular Reactor 
for Polym«rlsatlon(sch«matic) 

Fig. 2.9.3 is a schematic diagram of using internal parallel plate electrode in a 
bell jar for plasma polymerisation in high frequency (50-2450 MFlz) DC or 
AC glow discharge. In DC discharge, polymer film forms mainly on the 
cathode. In AC, the polymerisation occurs on both the electrode surfaces. The 
substrate, when placed in between the two electrodes, good deposition can be 
obtained. 




Fig.2.9.3. Plasma Polymerisation in a Boll 
Jar with DC or Ac Arc 
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Polymerisation process is controlled by several variables, including, the 
shape of the chamber, the size of electrodes, the distance between electrodes, 
frequency used etc. Some parameters require adjustment during the run such 
as monomer flow rate, pressure in the system and the power delivered. When 
the gas is static, the rate of polymer deposition increases as the initial 
monomer pressure is increased. For a fixed monomer pressure the 
polymerisation rate increases with increase in discharge power. Deposition 
rate can be increased by cooling the electrodes. The monomer is fed 
continuously in the bell jar with or without carrier gas. The flow-through 
mode reduces build up of the contaminants. 

By controlling the chemical group present in the PP, it should be possible 
to tailor very accurately properties such as adhesion. In normal PP process, the 
chemistry of PP depends on the ratio of plasma’s electrical power (P) and the 
flow rate of organic vapour (f). For developing a film with good physical 
properties a high P/f is required. But the use of high ratio results in 
increasingly random distribution of chemical group in PP. In order to 
overcome this problem and to produce controlled chemistry PP using low P/f 
ratio, the technique of plasma copolymerisation has been developed (70). In 
the copolymerisation process, the organic precursors are mixed with a 
hydrocarbon diluent, which allows accurate control on the chemistry of 
plasma copolymer (PCP) produced. Some of the advantages of plasma 
polymerisation are listed as follows 

• Deposit is obtained in partial vacuum and therefore very clean, dust 
free high purity film forms on desired substrate. 

• Very thin, flawless & uniform film (even few angstroms) is obtained 
at a short deposition time with substrate maintained at ambient 
temperature. The film has been used as protective coating against 
corrosion & wear. Coating of nominated compounds can improve 
mechanical & contact wear resistance of the surface. Twin coating of 
methyl-methacrylate formed by using metal electrode discharge at 6 
KFIz serves as good protective coating against corrosion. Surface 
modification technology involving PP has been used also in tissue 
culture engineering. 



Summary 

Plasma or the fourth stage of matter has been used for almost all the major 
thermally assisted surface engineering techniques & applications. No other 
heat source has been used so extensively as plasma because of it’s wide range 
of power ( 1 to 5 x 1 0 6 W) and the power density, which are utilized as plasma 
flame for thermal spraying, plasma transferred arc for weld overlay, glow 
discharge plasma for nitriding and carburizing, magnetron plasma sputtering 
for vapor phase deposition, non-transferred plasma scan for transformation 
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hardening, concentrated plasma beam for amorphous metal coating, plasma 
CVD for diamond coating, and low powered plasma for plasma 
polymerization and co-polymerization. Some of these unique features in 
plasma assisted surface engineering processes are highlighted in the summary. 

In thermal spraying atmospheric and vacuum plasma flame spray 
processes together cover almost all the surface engineering applications 
requiring deposits of a wide spectrum of materials, such as, metals, ceramics, 
polymers and composites for coatings on similar or dissimilar substrate 
materials. In addition to conventional materials, special composite materials, 
such as, BN + NiCrFe + Al, AlSi + McrAlY + Polymer + Lubricant are 
developed to take care of critical wear problems. Variants of the spray system 
include different anode designs, atmospheric conditions, pressures and power 
ratings. The versatile surface engineering process along with important 
materials and major applications has been given due coverage in this chapter. 

Plasma transferred arc welding with powder materials as consumable is 
an unique fusion weld overlay process, producing high integrity coatings of 
wear- resistant alloys and metal-matrix composites with very low dilution and 
HAZ. Fully automated process with torches in the range of lOamps to 
300amps are used to cover a wide spectrum of applications ranging from 
small tappet valve’s face (2 gm of powder) to big concast roller (several 
kilograms of powder). Very low dilution requires only a single layer to 
develop fully the wear resistant surface thus making PTAW with powder 
consumable as the most techno-economically viable weld overlay process. 
Some of the critical applications such as nuclear valves & governor shaft in 
hydroturbines it is almost mandatory to use PTAW. 

Glow discharge plasma is used for diffusion processes such as nitriding 
and carburizing. Plasma nitriding can produce a tougher single phase white 
layer compared to less tough two phase white layer possible in conventional 
nitriding. It is a well-established surface engineering process with a wide 
range of applications. Plasma carburizing is a costly process mainly 
developed for aircraft industry. 

With dual power source and two targets, magnetron plasma sputtering is 
used to produce newer coatings, such as TiAIN or TIAl(CN) which resist 
diffusion wear' of coated cutting tools by forming diffusion barrier layer of 
AI2O3 during usage. Unlike other PVD processes, in sputtering vapor forms 
directly without any intermediate liquid and thus less chance of 
decomposition before deposition. 

Gas discharge plasma (induced by microwave or radio frequency), glow 
discharge plasma (AC or DC), and plasma jet (induced by 
RF/microwave/DC) are used to produce vapor phase (PA-CVD) diamond film 
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deposition. Diamond has extremely low dynamic coefficient of friction 
(0.005, same as Teflon) and compressibility while it’s hardness, thermal 
conductivity, elastic modulus are the highest of all known materials. 
Extremely low wear of diamond coatings is due to these unique properties of 
diamond. 



Tab. 2. 10. Summary of Plasma Assisted Surface Engineering Processes 



Surface Engineering 
Methods 


Plasma Assisted 
Processes 


Major Applications 


Thermal spray 


Non-transferred arc 
plasma spray 


Aeroengine, automotive engine, 
boiler tubes, MG cylinders 


Weld overlay 


Transferred arc 
plasma welding 


Automotive & process control 
valves .hydroturbine spindles 


Diffusion 


Carburizing, nitriding 
by glow discharge 


Aeroengine & automotive 
components, tools & dies 


Transformation 

hardening 


Plasma beam 
scan 


Dies & tools 


Vapor phase 
deposition 


Magnetron plasma 
sputtering 
PACVD by glow 
discharge 


Hard TiCN coating on tools & 
dies 

Diamond coating on tools 


Amorphous 
metal deposition 


Vapor phase 
deposition 


Tape recorder head, 
razor blades 


Polymer surface 
modifications 


Plasma polymerisation 
& copolymerisation 


Wear & corrosion resistant 
surface/coatings on metals 
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Chapter 3 

ION BEAM PROCESSES 



3.0 Introduction 

Similar to plasma, ion beam has been used for vapor phase deposition of 
coating materials. Also an unique surface modification process of implanting 
the ions of the desired elements in the surface layer has number of 
applications. Ion implantation is an ‘atomic level’ surface modification 
process, where the structure of near-surface region is altered to produce a new 
phase while the part dimension remains same. Both the processes are to be 
covered in this chapter. 

3.1 Ion Source 

The available sources for generating ions include (a) RF discharge plasma, 
(b) DC discharge plasma and (c) Surface ionization by application of heat. 

Ion beam equipment consists of an ion source and the extraction-cum- 
acceleration system for ions. The plasma source for production of ions is 
comprised of a heated filament cathode, anode and a confining magnetic field. 
The ions are removed from the plasma by extractor grids. The escape of 
electrons is prevented by suppressor grids. The ions extracted from the plasma 
source drift through a field free space to reach the substrate (Fig. 3.1). 
Amongst the ion assisted surface modification processes the most important 
one is ion implantation followed by vapor phase deposition (PVD). 
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Comparison ofPVD with Thermal Spraying 

In both PVD and thermal spraying processes, it is possible to use a wide 
range of coating and substrate materials (Table 3.1). For example, metals, 
ceramics, plastics or composites are used either as substrate or coating 
materials. The lamellar' spray deposits in thermal spraying being parallel to the 
surface possess superior resistance to mechanical stress and strain compared 
to that of the columnar' PVD deposit, which are perpendicular to the surface. 
The bonding to substrate in both the processes is mechanical in nature. 



Tab .3.1 .Comparison between PVD & Thermal Spraying 



Items 


Thermal Spraying 


PVD 


1 .Equipment Cost 


Cheap/Moderate/Expensive 


High, viable for large lot size 


2. Deposition Rate 


High 


Low 


3. Coating Thickness 


High 


Low 


4.Micnostructure 


Lamellar, i.e, II to surface 


Columnar, i ,e, 1 to surface 




Can withstand stresses 


Can't withstand stresses 




Substrate unaffected 


Substrate unaffected 


5.Surface Roughness 


As sprayed rough surface 


Reflective mirror finish 


6. Deposit Purity 


High(vacuum plasma)/ Moderate 


High 


7. Substrate Material 


Any solid surface 


Any solid surface 


8. Coating material 


Meta l/cerarri c/plastic 


M etal/cerarri c/composites 



3.2 Ion Beam Assisted Vapor Deposition Processes 

Glow discharge argon plasma process : 

The glow discharge argon plasma has been used to clean substrate and 
make surface rough as well as to deposit evaporated coating material (1). The 
good adherence to substrate is ensured by cleaning and roughening the 
substrate surface by glow discharge argon plasma. The process combines the 
advantages of high deposition rates in the evaporation technique with those of 
sputtering, i.e., formation of dense deposit with good adherence to the 
substrate. 

Ion sputtering 

In sputtering the source is cathode and the substrate is anode. In this 
process, the positively charged argon ions from the plasma strikes the 
negatively biased coating source with energies up to 1000 eV. The individual 
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atoms are ejected from the cathode surface by ion bombardment. The process 
is known as sputtering. The sputtered material flux deposits on the substrate, 
which is connected to negative terminal. Non conductive materials can not be 
deposited by glow discharge mode. Reactive dc sputtering or radio frequency 
(rf) power sources can be used for non-conductive coatings. The substrate can 
be sputter cleaned by reversing the polarity to obtain better coating adhesion. 
Ion beam sputtering has also been used to produce a thin coating of diamond 
at a low growth rate of 0.3 to 0.4 micron per hour (2). 



Ion plating, ion vapour plating (IVP), or ion vapour deposition (FVD) 

In ion plating, the substrate receives an opposite bias. A high voltage (3-5 
KV) bias DC source is used for biasing the substrate negative with respect to 
vapor phase. Thus the ion plating is essentially a PVD process in a soft 
vacuum (l-lO^Nm' 2 ) with evaporant depositing onto substrates held at a high 
negative potential between 3-5 KV. Ion vapor plating results from deposition 
of a small number of ions and a large number of neutrals with an average 
energy of lOOeV. Because of the high energy, the ions & neutrals can get 
implanted to small depths of around 50 A. The structure of ion plated coating 
is similar- to that of sputtering, viz, 3-zone model depending on the pressure 
and substrate temperature (Fig. 2.6. 1 in Chapter 2). 

The advantages of ion plating includes excellent adhesion due to 
implanted graded interface, good throwing power, dense deposit and plating 
possible on any material (metal, ceramic & plastic). Unlike electroplating 
there is no effluent disposal problem and risk of hydrogen embrittlement of 
the deposit in ion plating. 

Uniform coating thickness is observed in ion-plated surfaces including 
corners, recesses, holes and undercut portions due to relatively high pressure 
(10‘ 2 - 10' 3 m bar) involved in the plating. However the shadow effect still 
persists and job rotation is required for overcoming the problem. 



Ion beam assisted deposition process (IB AD) 

In this process, the use of steered-arc cathode as an ion source leads to 
significantly higher deposition rates compared to existing planar magnetron 
cathodes. The deposited atoms get mixed with the matrix forming graded 
interface layer of novel, non-equilibrium composition with good adherence to 
substrate. Improved IBAD produces adherent, ductile films having low 
porosity and fine grained structure at deposition temperatures below those of 
conventional CVD processes (3). The hardness and wear resistance of 
titanium nitride films grown by IBAD can be controlled by the ratio of ion-to- 
atom arrival rates. The factors affecting coating performance include, coating 
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thickness, microstructure, hardness, chemistry, orientation of the coating, 
coating to substrate bonding and also the strength of substrate material. 



3.2.1 Types of Coatings 

The ion beam processes are used for deposition of various materials, such 
as, pure metals (e.g., chromium), elements (e.g., oxygen), ceramics (e.g., 
titanium nitride) and intermetallics (e.g., nickel aluminide) for forming wear 
and corrosion resistant coatings. Ion plating is a favored process compared to 
polluting electrochemical process of hard chrome plating. Similarly ion beam 
process of oxygen deposition on aluminum has replaced anodising in several 
applications. Process has also been used to produce wear-resistant films on 
parts such as cutting tools and gas-turbine blades. 



Hard chromium coating (4) 

The chromium coating of 5 to 10 micron (0.0002” to 0.0004”) thickness 
and high hardness can be obtained by ion plating at a low temperature of 65 °C 
resulting in no distortion in the coated component. The chromium can be 
directly deposited on the substrate without any intermediate layer of copper or 
nickel. 

Hardness of chromium coating in this process has been found to be 1200 
Knoop (2 gf), compared to 750 Knoop of electroplated hard chromium, 950 
Knoop for baked hard Cr-plating, 988 Knoop for Ni plus hard Cr-plating and 
589 Knoop for electroless Ni-plating. The coatings are harder than 
conventionally plated chromium because they are fully dense, hydrogen free, 
and compressively loaded. The thin coating replicate substrate surface finish, 
thus eliminating the need to costly grinding and lapping to match the original 
finish. There is no alteration of bulk material properties due to low 
temperature of65°C employed during coating. 

The environment friendly ion plating process of hard chromium coating 
eliminates the use of chemical plating solutions and the toxic wastes generated 
in the process. 

Application areas include gears, bearings, valves, pump impellers, pistons 
and shafts. The batch process used is capable of handling jobs up to 305 mm 
(12”) in diameter and up to 180 mm (7”) long (4). 



Anodising, aluminium and titanium coating 

Thin coating of oxygen on pure aluminum and high strength aluminum 
alloys by ion vapor deposition process is replacing anodising, hard anodising 
and conversion coating systems. Also commercial aluminum is plated on to 
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steel and titanium fasteners for use in aircraft and spacecraft replacing 
previously used Cd coating. 



Diffusion coating 

NiCrAlY plating has been applied on aeroengine components for 
protection against high temperature oxidation and corrosion. Ion plated 
diffusion barrier coating ofNi-13Al has been used at the interface of a high 
chromium containing overlay coating and a Ni-base superalloy substrate in 
aeroengine. The gamma prime diffusion barrier decreases the diffusion rates 
of elements like chromium and aluminum from the protective layer to 
substrate at the high operating temperatures used in modern aeroengines (5). 
For example, the diffusion coefficients (cm 2 per sec) of chromium and 
aluminum at 1150°C without the barrier layer are 8 x 10" 9 and 2.5 x 10' 9 
respectively. With the diffusion barrier these values are decreased to 6 x I O' 10 
and 5 x 10‘ 10 for aluminum and chromium respectively (4). The decrease in 
diffusion rates are much more at lower operating temperatures. 



TiN coating and tool materials 

The partially ionised titanium and nitrogen in the vapor formed in the low 
pressure argon/nitrogen atmosphere are positively charged. The ions are 
attracted towards the negatively biased workpiece, where they react to form 
TiN at a temperature of around 400°C. Therefore the tool steels, which are 
tempered above 450°C are ideal for TiN coating using PVD, such as high 
speed tool steels HSS, D2, and H13. Both ferritic/matensitic and austenitic 
stainless steels, such as A1S1 429, 304, 316 are suitable for TiN coating. The 
A1S1 420 grade is used for plastic moulding and the austenitic type is used 
where lubricants are not permitted, for example food processing equipments 
and chemical plants. 



Applications in Industries 

Tooling 

Reactive ion plated TiN on the flutes of twist drills made from M7 HSS 
material has caused an increase in drill life of up to 50 times than that of the 
uncoated drills of same material (6). Apart from coating thickness and 
properties, the performance of the drill depends on drilling conditions and 
work-tool combinations. A linear relationship between coating thickness and 
drill life was found (6). The TiN coating delays the occurrence of both crater 
and margin wear and also greatly reduces the extent of flank wear. The 
progress of wear follow the familiar pattern of high initial wear with an 
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intermediate slow and steady wear followed by final stage of accelerated wear 

(7) . 

The cutting tool segments are the first to use PVD and in Japan, where the 
adoption has been most rapid, some 90% of gear cutting tools are now coated 

(8) . It can be highly beneficial to go for a higher grade of tool steel, such as, 
high speed steels (HSS), which will economically provide an inherently 
longer life in the first place and have that extra multiplied several times by the 
relatively low cost treatment (8). 

The TiN coated cemented tungsten carbides are increasingly being used 
because of the retention of sharp edge by PVD treatment. The high 
temperature operation required in C VD coating tends to round off the corners 
( 8 ). 



Metal Forming (8) 

The adhesive wear resistance of metal forming tools and punches is 
significantly improved by TiN coating. With TiN coating, it is possible to 
prolong the life of hot and cold work tool steels by four to ten times than that 
of the original uncoated tools. The increase in total price of the tool by such 
treatment is only around 15% (8). 



Plastic Molding & Extrusion (8) 

The current practice is to add highly abrasive fillers amounting to around 
50% to plastic materials in forming the components. This shall result in severe 
wear of the forming tools. The present practice is to coat the surface of 
forming tools such as moulds, hot runners, extruder screws, calibration dies, 
and other wearing parts with either ion plating or ion implantation. There is a 
significant improvement in the wear resistance properties of these tools. 

In the mould, the draft angle of 2° for a plain surface and 6° for a textured 
surface is required to enable release of the formed product. The release is 
improved by TiN coating and ion implantation, so that the draft angles can be 
reduced and process cycle times can be made shorter by faster mould release. 
For some plastic moulding, large forming tool is built from a combination of 
small segments. The use of TiN coating prevents the segments from getting 
cold welded. 



Automotive (8) 

The titanium alloys with high strength to weight ratio are ideally suited 
for automotive applications due to increase in payload combined with the 
decrease in dead load. However their use in such applications could not be 
made due to poor abrasive and adhesive wear resistance properties. Titanium 
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nitride coating and ion implantation have both resulted in dramatic 
improvements in wear resistance properties of titanium alloys. The TiN 
coating is now a part of established practice for use in parts for gearboxes, 
wheel hubs, differentials and steering racks in Formula One racing cars. 

Another interesting automotive application is the use of light weight and 
strong titanium as engine valves leading to better fuel economy. The titanium 
alloy stem rod can be friction welded to stainless steel seat. The poor wear 
resistance properties of stem made from titanium alloy can be improved by 
TiN coating. 



Aerospace (8) 

For prolonged smooth operation of spacecrafts, the conventional ‘wet’ 
lubricants are found to be not suitable in the high vacuum. However the ion 
beam coating of TiN provides a ‘dry’, hard, smooth and maintenance free 
surface that can survive operations under severe wear situation. 



Nuclear (8) 

In order to eliminate contamination, lubricants and other organic materials 
are excluded from being used in nuclear areas. Here again, the low adhesive 
wear of TiN coating is utilised. The stainless steel screw threads, nuts and 
studs are coated with TiN for quick and easy release without the use of any 
anti-seize compound. The same treatment is used for stainless steel or alloy 
fasteners used in critical areas of operations involving high temperatures and 
pressures. 



Advantages of Ion Beam Assisted PVD Coating 

• The ability to clean the surface by the ion beam and the high energy at 
which the coating material strikes the clean substrate shall result in 
excellent coating adhesion. 

• The dense coating chemistry is controllable and is also reproducible. 

• A wide range of coating materials, such as, metals and ceramics can 
be deposited on substrate made of similar or dissimilar materials. 

• It is possible to coat multiple materials in different layers. 

• Uniform coating thickness can be obtained due to gas scattering and 
the ability to rotate the component. 

• It is possible to obtain surface finish equals to that of the substrate, 
thus eliminating finish machining. 

• Low temperature of operation below 500°C can be carried out on 
tempered & finished high speed tool steels and similar materials 
having the tempering temperature above coating temperature. 
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Designing of the Coating (8) 

Some ofthe key points in designing the PVD coatings are as follows:- 

• The depth of the blind hole should not be more than twice the 
diameter for coating the full depth. However the through holes can be 
4 to 5 times the diameter in depth. 

• Substrate material should be selected so as not to temper below 
around 400°C. Low temperature systems are available but can be used 
with some sacrifice in coating adherence and structure, particularly 
when treating larger parts or components. 

• Materials containing a significant quantity of volatile material like 
zinc is to be avoided. The volatility of zinc at these temperatures and 
in vacuum shall create serious contamination problem. 

• The performance of the coating is normally the same for thickness 
from 2 to 4 micron. It is easier to control the process, and made 
cheaper and more productive if the coating thickness variation is kept 
within these limits including the specified tolerances. 

• For most PVD systems, there is limitation in the size of the 
component to be heated. Typical equipments in commercial use will 
accept either items up to 600 by 600 by 400 mm or cylindrical items 
up to 700 mm long by 200 mm diameter. Some machines can treat up 
to 3 m long components. 

• For larger items, it is necessary to ensure sufficient preheating of the 
component, and proper cleaning of holes and crevices before the 
coating is applied. 

3.2.2 Dual IBAD (9) 

In this process, physical vapour deposition (PVD) via electron beam 
evaporation of metals and metalloids onto the substrate is combined with 
simultaneous ion-beam bombardment from an ion source. The simultaneous 
ion-stitching densities the synthesized film and improves the adherence 
between the film and substrate. The adhesive bonding to substrate can be 
improved by using an intermediate composition (graded coating) or a suitable 
material with good adherence to both the substrate and top coat. 

Excellent adhesion of metals, polymers and ceramics can be obtained 
without the need of excessive high temperature. Compounds like Zr0 2 and 
DLC are grown by introducing reactive ion beams concurrently with the 
evaporated species. When producing high ductility high temperature 
tribological coatings, such as A1 2 0 3 , Zr0 2 , silicon nitride, and boron nitride, 
the use of IBAD substantially reduces the impurity content, by eliminating the 
porous, columnar microstructure commonly seen in low-temperature 
deposition. The applications of dual IBAD for various surface treatment 
functions are listed in Table 3.2. The list of wear and corrosion resistance 
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1BAD coatings include hard dry wear resistant carbides, nitrides and oxides, 
lubricating materials such as silver, lead, molybdenum sulphide and tungsten 
sulphide, diffusion barrier coatings of alumina, palladium, platinum, rhenium 
and titanium nitride, corrosion resistant passive film of chromium, tantalum 
and molybdenum and oxidation resistant coating of MCrAlY, platinum and 
silicon carbide. 



Tab.3.2. Some Dual IBAD Applications 



Function 


Dual IBAD coatings 


Wear (dry) 


Hard coating (TiN, TiC, CrN, CrjOa, l-BN) 


Wear lubrication 


Ag, Pb, MoS 2 , WSj 


Diffusion barrier 


AI 2 O 3 .Pd.Pt, Rh, TiN 


Corrosion 


Passive film (Cr, Ta, Mo) 


Oxidation 


MCrAlY, Pt, SiC 



A crystalline TiB 2 coating of hardness 3340 kgf/mm 2 has been obtained with 
10 KeV Ar+ bombardment (9). 



3.3 Ion Implantation 

Ions are implanted at different doses by exposure to the accelerated ions. 
The atomic species to be implanted are first ionised and then accelerated to 
energies of around 90-150 KeV. The striking ions penetrate the surface of the 
material and form an ion enriched layer. The depth of penetration is controlled 
by the atomic numbers & masses of both the ions & target atoms and the rate 
of energy transfer. The energy transfer depends on dose, energy and 
temperature. The implantation of ions into target materials can lead to the 
production of amorphous or metastable alloys. The mobile ions during 
implantation form new alloy precipitates with target atoms. The precipitation 
produces high density of point defects developing compressive stresses (10). 
The generation of compressive stress on the surface shall result in 
improvement in fatigue life of the component. 

Ion implantation is an ‘atomic level’ surface modification process, where 
the structure of near-surface region is altered to produce a new phase while 
the part dimension remains same. Ion implantation process has been carried 
out on metals, ceramics and polymer in improving the wear & corrosion 
resistance of the treated surfaces. 
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Microstructure & Wear of Nitrogen Implanted Austenitic Stainless Steel 

One of the recent methods of improving the wear resistance of austenitic 
stainless surface without impairing corrosion resistance properties is through 
the implantation of nitrogen ions. The effectiveness of improving wear 
resistance depends on ion implantation conditions. For example, with 40 KeV 
energy and at a sample temperature of 25°C during implantation, the best 
results are obtained after a dose of 2 x 10 17 N ion/cm 2 implantation (11). An 
increase in temperature during implantation is a favorable factor (12). The 
friction coefficient of AISI 304 stainless steel does not show any significant 
change due to ion implantation. The friction coefficient varies from 0.1 to 0.2 
in lubricated test (13) and in between 0.6 to 0.7 in dry test (10) for both 
untreated and ion implanted AISI 304 regardless of ion implantation 
conditions. On the other hand the ion implantation of AISI 304 results in a 
decrease of wear rate by a factor of 20 or more (12, 13, 14, 15, 16, 17, 18). 

Scanning electron microscopic observations of worn surfaces of non- 
implanted AISI 304 show severe wear and large plastic deformation in 
comparison to mild wear and small deformation in implanted material (11, 13, 
19). The microstructure of the nitrogen ion implanted AISI 304 consists of a’- 
martensite plus mixed nitrides (or carbonitrides) of hexagonal (e-type) and 
orthorhombic (5,-type) (18). Additionally the presence of deformed austenite is 
reported to be found in the microstructure (19). The transmission electron 
micrograph of a nitrogen ion implanted surface indicates the presence of 
highly oriented nitrides (11). After nitrogen ion implantation of 2 x 10 17 ions 
cm' 2 , on AISI304 steel, the TEM micrograph (11) of the surface layer is 
mainly composed ofhighly oriented mixed nitrides (Fig. 3.3.1). 




Fig. 3. 3.1 TEM micrograph of nitrogen ion implanted AISI 304 stainless 
steel(ref.11 ,S. Fayeulle ,Proc. Int. Conf. on Wear of Materials',1 987 ,p1 7 , 
permitted to reproduce by The American Society of Mechanical 
Engineers, copyright, 1987) 
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The mechanism of the increased wear' resistance by ion implantation has thus 
been explained as due to (i) high hardness of superficial layers by martensite 
transformation and nitride formation (14), and (ii) tough nitrogen stabilised 
austenitic phase not transforming to a brittle strain induced martensite (17, 
20). The effectiveness of ion implantation in retaining wear' resistance of the 
sub-surface, i.e., exposed surface after removal of implanted layers, is 
explained as due to diffusion of nitrogen into the substrate (16). 

Examples of ion implantations in metals & alloys include nitrogen ion in 
aluminum, (21, 22, 23), nitrogen & boron in HSLA steel (24), nitrogen and/or 
boron in stainless steel (25, 26) and tool steels (26). Nitrogen ion implanted 
surface of aluminum forms hard nitride at high doses and nitrogen diffused 
layer with low doses (23). The nitrided surface in steel can contain up to 50 
atomic percent of nitrogen which is nearly five times the nitrogen than that 
obtained in ion nitriding, producing an equivalent hardness of 85 HRC. The 
multielement process, such as, implantation of both nitrogen and boron 
improves vastly surface hardness and lubricity and thus wear resistance (26). 
The hardness of implanted (B+N) surface of high speed steels (M-series) is 
found to be in the range of 3000 to 4000 VPN. With a fraction of the costs 
required for diamond or diamond like coatings, ion implantation can result in 
a coating surface with wear' resistance similar' to that of diamond. Chr omium, 
nickel & other metals can be implanted to produce corrosion resistant surface 
in steel. Ion implantation of Ti or Y on alumina improves wear' resistance due 
to abrasion at the onset of amorphisation and that due to friction after 
amorphisation. 



Advantages of the process :- The advantages of ion implantation process 
over other similar surface modification techniques include the followings 
(26):- 

• It is a low temperature process (>300°F), hence no distortion of 
treated parts occurs in comparatively low temperature process like 
nitriding. 

• It is an atomic level treatment on the near-surface, hence no chance of 
delamination or peeling of the modified surface. 

• It does not result in the growth, build-up or a rolled edge like vapor- 
deposition processes (CVD, PVD). 

• It eliminates problems associated with elastic modulus mismatch 
between hard coating and soft substrate materials. 

• It results in high miscibilities of implanted elements, much more than 
equilibrium solubilities. For example nitrogen implanted steel 
contains 5 times more nitrogen than gas nitrided case. Boron 
implanted steel contains up to 50% boron. 
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Limitations of the process (26): The main limitations are as follows 

• Equipment size limits the size of the parts to be treated. 

• It is a line of sight process which limits its ability to treat certain 
geometries such as deep holes. However, the newly developed, 
plasma source ion implantation is a not a line of sight process and can 
be used for deep holes. 

• The interstitial elements like nitrogen and boron in implanted 
components can diffuse inwards from the surface at a high operating 
temperature resulting in deterioration of both the surface and the core 
properties. For example, implanted nitrogen diffuses at approximately 
370°C (700°F) in tool steels and 595°C ( 1 1 00°F) in tungsten carbide. 
However for substitutional elements like chromium and nickel 
appreciable diffusion occur only at higher temperatures (>600°C). 

Applications : Ion implantation process has been used to modify surface 
properties of metals, ceramics, plastics and polymers. 



Metallic Materials The list of ion nitrided metallic materials includes 
stainless steels, tool steels, chromium coatings, aluminum and titanium. The 
main application areas are mold cavities, prostheses, cutting/ forming tools 
and healings. 



Mold Cavities: The wear resistance properties of hard chrome plated 
injection mold cavities are vastly improved by nitrogen ion implantations. 
High concentration of nitrogen at the surface produces high compressive 
stresses, which not only improves the fatigue resistance but also closes the 
microcracks inherent in the hard chrome plating. Also implanted nitrogen 
combines with chromium to form extremely hard (>80 HRC) chrome nitrides. 
Both effects produce a surface with very high resistance to abrasive and 
adhesive wear. By implantation the lubricity of the chrome plated surface is 
improved. The nitrogen content of the titanium nitride coated die can be 
increased by ion implantation resulting in further improvement in wear 
properties. 



Cutting and Forming Tools: 

Ion implantation of nitrogen plus boron has increased wear life of the 
tools used to cut abrasive composites such as aluminum honeycomb, 
polycarbonate and aramid fibers by five to ten times than that of untreated 
tools (26). Some of the examples include routers, hoggers, end mills, saw 
blades, slotting saws, and valve stem cutters. A 400% improvement in cutter 
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life was achieved by using ion implanted high speed steel cutter used in 
aircraft components such as bulkheads, wing flaps and tips, and radomes. The 
nitrogen implanted AISI D2 dies are used to form 40,000 flanges from 2mm 
(008”) hot rolled steel for use in automobile transmissions (26). There is a 80- 
fold improvement in the die life. 

Other applications where implanted dies have shown good performance 
include the punches for deep drawing casings for rocket and shell grenades 
from 3.2 mm (0.125”) thick hot -rolled AIS4140 steel. The nitrogen implanted 
punches are used successfully to form 60,000 parts. 

The chrome plated punches after nitrogen implantation could be used to 
produce 116000 parts compared to 12000 parts produced by untreated dies 
(26). 



Bearings 

Ion implantation improves vastly the performance of bearings used for 
aerospace applications. Nitrogen ion implantation of AISI 440C stainless steel 
bearings increases hardness by 300% and reduces dry sliding friction by a 
factor of three. The implantation of chromium in AISI 52100 or M50 bearing 
steels results in a surface with corrosion resistance similar to AISI 440C. 
Implanting metals like gold, platinum, iridium or tantalum can lead to 
dramatic improvement in the service life of bearings in critical application 
areas (26). 



Prostheses 

The frictional wear of cobalt and titanium base alloys used for artificial 
hips and knees is high while working in contact with ultrahigh molecular 
weight polyethylene (UHMWPE). Ion implantation can reduce the frictional 
wear of metallic surface in this application. Similar benefits can be derived by 
ion implantation in other biomedical devices, such as, cardiovascular 
components, dental prostheses, and pedicle screws (26). 



Ceramics 

Implanted ions in tungsten carbides lead to increase in hardness and 
lubricity, thus improving the wear and galling resistance of the treated surface. 
The use of implanted tungsten carbide blanking punches and dies has resulted 
in 60% increase in the number of parts produced between tool sharpenings 
(26). 
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Polymers & Carbon-based Materials 

An ion implantation technology based on high-dose ion implantation 
followed by special oxidative treatment together produce graded oxide base 
coating on surfaces of polymers and carbon-based materials (27). The coating 
protects polymers and composites from excessive wear due to erosion in FAO 
(fast atomic oxygen) fluxes of space environment in low Earth orbits. The 
coating process consists of two stages In the first stage, high doses of low-or 
medium energy ions of specially selected elements, such as, Si, Al, Si+Al, are 
implanted .The surface enriched with the implanted element in a carbonised or 
graphitised original surface is produced The implantation energy for a oxide- 
coating thickness of 50-100 nm is in the range of 20-50 KeV, using ion dose 
in the range of 10 l6 -10 17 ions /cm 2 . The second stage consists of treatment in 
an oxidative environment including exposure to fast atomic oxygen (kinetic 
energy of 2-5 eV) flux (23). Both high-current monoenergetic ion beams and 
metal-vacuum/vapour arc ion can be used for producing the coating. The 
graded coating produced by ion implantation takes care of the mismatch in the 
coefficients of thermal expansion between base and coating materials and thus 
reduces the risk of thermal spalling. The silicon and aluminum oxide coatings 
on polymer or composites provide resistance to oxidation in highly oxidative 
environments, such as atomic oxygen, ozone, oxygen plasmas and erosion due 
to fast moving particles to spacecrafts. 

Ion implantation is a line-of sight process and parts need to be 
manipulated towards the beams. Moreover the maximum doses retained by 
the target are governed by the angle of incidence of the beam. 

It appears that the less expensive and more convenient plasma sources are 
likely to replace the elaborate accelerators being used for implantation of N, 
B, O etc in non-semiconductor surfaces (28, 29). 



3.3.1 Plasma Source Ion Implantation 

In this process the specimen is placed in a low pressure glow discharge 
plasma field containing desired ionic species and then pulsed to a very high 
negative voltage. The pulsing accelerates the ions and leads to implantation of 
the ions onto the specimen surface. With the ions implanted in a thin layer 
(sub-micron) on the surface, there is no dimensional change of the component 
in ion implantation. One of the major advantages of plasma source ion 
implantation is that it is not a line of sight process and the plasma uniformly 
covers the object to be implanted. 



3.3.2 Reactive Ion Sputtered Coating (26) 

Thin films of coating materials can be formed by ion sputtering on the 
substrate. High sputtering losses prevent the use of ion implantation to form 
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coating. However in reactive ion sputtering system developed, there is 
virtually zero sputtering loss. Without any loss of implanted material, the 
successive layers of sputtered ions form a dense adherent layer of the coating. 



Reactive ion implantation process has been used to form a sputtered film 
of zirconium oxide, 1 to 5 pm (40 to 200 micro-in) thick, on metal surface. 
The coating is highly adherent due to interfacial substrate containing a 
mixture of both coating and substrate materials. The conventional thermal 
spraying or CVD processes for deposition of ceramic coatings normally 
produce a sharp interface with either side having almost cent percent of 
coating or substrate materials. The resultant adhesive bonding between the 
two materials is thus quite weak, if no bond coat is applied (26). 

A 3-step sputtering process is used to develop DLHC coating on bearing 
steel samples as follows (30.):- 

• The surface is sputter cleaned with approximately 2mA cm' 2 argon ion 
beam from 1 KeV ion source, for 30 minutes, 

• A 0.2 pm amorphous-silicon-hydrocarbon (a-SiHC) interfacing 
bonding layer is reactively sputter-coated onto the steel surface, which 
shall provide good adherence to both top DLHC layer and the steel 
substrate 

• Finally a layer of DLHC is formed by bombarding with 450 eV 
carbonaceous molecular ions using methane as ion source. 

Raman spectra peaks of DLHC film indicate the presence of amorphous 
carbon, disordered graphite and very small crystalline graphite. Although no 
strong evidence of four-fold (diamond) bonding is indicated in the spectra, it 
does suggest a durable DLHC film. DLHC layer has 3-fold interface with 
hexagonal plane of graphite. The bond angle disorder and small crystalline 
size has resulted in a very rigid lattice with the strength of a three-fold bonds 
in the DLHC layer (30). 

The reactively sputtered coated DLHC coatings on bearing steels, such as 
AIS1 M-50, 52100,41 18, and 440C steels, are found to improve substantially 
the rolling contact fatigue lives of bearing steels (30,31). However repeated 
stressing of the coating causes it to revert back from a hard amorphous- 
carbon to soft lubricating graphite. 

Ion beam sputtering has been used for texturing, etching and simultaneous 
deposition and etching (32). Ion beam source is used to sputter-texture 
surfaces of ceramics, metals and plastics by forming conical or ridge like 
microstructures. Rough surface is highly adherent to bonding and develops 
compressive residual stress on the surface. In simultaneous deposition and 
etching, an argon beam hits a carbon target and deposits carbon atoms onto a 
substrate. The substrate is selectively masked with carbon. The balance of 
etching and deposition processes due to striking carbon ions results in buildup 
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of carbon on the mask and deep etching of the rest of substrate. The technique 
can produce infinite-life sputter mask and high aspect ratio electronics 
microstructures. 



3.4 Ion Beam Assisted EBPVD (33) 

In EBPVD, high energy electron beams are used to vaporize the coating 
materials and the vapor is directed onto substrate surface. By attaching an ion 
beam source to EBPVD, the following additional benefits over that of EBPVD 
are claimed to have been obtained (27): 

• Produces more dense coating with better adherence to substrate, 

• Possible to deposit textured coatings, which are preferred for 
microelectronics, optics and high wear applications such as, cutting 
tools, 

• Possible to change internal stresses developed at the surface from 
tensile to beneficial compressive by ion bombardment with energies 
ranging from 10 to 100 eV (34). 

• Possible to clean the substrate thus improving bonding 

Superior bonding of the vacuum deposited dense coating occurs on the surface 
cleaned by high energy beams. The dense, adherent thermal barrier coatings 
are reported to have increased the life of the components by a factor of two 
(33) compared to that of plasma sprayed coatings of same materials. Thermal 
barrier coatings of insulating ceramic oxides, such as stabilised ZrC>2, are 
mainly used to protect the metallic surface against excessive heat, high 
temperature corrosion, oxidation and wear. The performance of PVD coated 
tools with TiC, TiN, TiAIN, TiZrN materials can be further enhanced by using 
ion-beam assisted PVD (33). 
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Chapter 4 



ELECTRON BEAM PROCESSES 



4.0 Introduction 

The high energy electron beam has been used to vaporize or melt the 
wear resistant materials and to deposit the vapor or molten phase onto the 
surface of the substrate. The process using electron beam to evaporate the 
coating material and subsequently deposit onto the work-piece is known as 
physical vapor deposition (PVD) process. The electron beam physical vapor 
deposition process (EBPVD) is one of the most widely used techniques for 
coating turbine aerofoil (blades and vanes) components. The rapid cooling of 
the deposited vapor phase may lead to amorphous material formation. The 
rapid surface melting and solidification via directed energy from electron 
beam can be used to develop rapidly cooled microstructures, including 
metallic glass on the surface. Electron beam welding has limited applications 
for weld surfacing. Electron beams have been used for polymerization of 
polymers and vulcanization of elastomers (rubbers). The most popular 
surfacing process using electron beam is the physical vapor deposition 
(EBPVD) of wear resistant materials. 



4.1 Electron Beam 

Thermoionic emission from a heated cathode leads to generation of 
electrons, which are simultaneously shaped into beams and accelerated 
towards anode by precisely configured grid or bias cup. At gun operating 
voltages of 25 - 200 KV, the beams are accelerated to 30-70% of the velocity 
of light. The generation of the beams is to be carried in a vacuum chamber. 
Electromagnetic lenses are used to converge and focus the beams (Fig. 4.0). 
The rate of thermal energy input onto the coating material surface depends on 
the number of striking electrons, the velocity and the spot size. The 
commercially available systems cover 25 to 200 KV and 50-1000 mA, with 
the capabilities of focusing the beams to spot diameters of 0.25-0.76 mm. The 
maximum power density obtainable with commercial systems is 1.55 x 10 4 
W/mm 2 . 
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Fig.4.0 Electron Beam Gun 



4.2 Electron Beam Assisted Physical Vapor Deposition 
(EBPVD) 

In this process, the focused electron beams are used to vaporize the wear 
resistant material in a vacuum chamber. The parts to be coated are 
manipulated within the vapor cloud. The condensation of the vapor on the 
substrate surface results in coating formation. The term physical vapor 
deposition refers to deposition of metals by transport of vapor in vacuum 
without the need for a chemical reaction (1). In physical vapor deposition 
process the substrate preheating is normally limited to low temperatures. Due 
to low deposition temperature there is no alteration in the bulk properties of 
the substrate materials. It is also possible to deposit hard coating on low 
melting point materials, by this process such as diamond on polymers. By 
maintaining a low substrate temperature, it is possible to form deposit with 
amorphous or metallic glass structure. 



Process 

The coating material kept in a water-cooled copper crucible is evaporated 
by the thermal energy of directed electron beams from the electron guns (Fig. 
4.1.0). The level of molten material in the crucible is controlled by a laser 
based system. The vapor clouds coming in contact with the parts to be coated 
form the deposit of the coating material. The components to be coated are 
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preheated directly by oscillating electron beam guns or indirectly through 
graphite plating. The preheating is carried out in vacuum in the same chamber 
or in a separate vacuum chamber. The parts are rotated within the vapor cloud 
during deposition process. The rotation of the components ensures uniform 
coverage as the EBPVD is primarily a line-of sight process. The water cooled 
copper condensation shield captures any metal vapor that fails to condense on 
the parts. The process is carried out in a vacuum environment of 10' 2 to 10‘ 4 
Nm' 2 pressure (2). 



CONDENSATION SHIELD 




WATER-COOLED COPPER CRUCIBLE 



Fig. 4.1.0 : EBPVD Coating System with Multiple Electron 
Guns(Sclicmatic) 

The progressive deposition from vapor phase leads to the growth of as- 
deposited material perpendicular to substrate. In the columnar grains 
unbonded interface or separation between two adjacent colonies known as 
‘leader defect' is often present, particularly as the coating grows in convex 
curved surfaces due to shadowing effects (Fig. 4.1.1). 

High deposition temperatures shall result in increased surface diffusivity 
which reduces the leaders. It also allows certain minimal interdiffusion 
between the coating and substrate during the short processing time ensuring 
good adhesion. The spallation is rarely a problem with EBPVD coating, with 
a properly cleaned substrate. The deposition rates in this process often 
exceeds 1 to 150 pm per minute and the total coating thickness ranges from 
one micron to more than two centimeters (3). The high rate of deposition 
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makes it possible to obtain a throughput of some 500 standard sized parts in 
an 8 hour shift (4). 




Fig.4.1.1 EBPVD coating with leaders defect 

Post-coating diffusion treatment (5) 

Diffusion treatment of the coating shall result in interdiffusion and better 
bonding and removal of leader defect. The as-deposited microstructure of 
EBPVD coating of Co-19Cr-12Al-0.3Y on a Ni-base superalloy is shown in 
Fig. 4.1.2a (5). The diffusion treatment removes the leader defects and also 
forms an interdiffusion zone at the interface of coating and substrate (Fig. 
4.1.2b) (ref. 5). 

The high aluminium content in the coating results in the precipitation of 
p-CoAl in the matrix. Fimited interdiffusion occurring during coating and 
post-coating heat treatment does not make any significant alteration in the 
structure and composition of the coatings across the thickness, excepting in 
the small interdiffusion zone, where both the structure and composition 
undergo major changes. Deposit composition may differ from the coating 
material due to differences in vapor pressure of elements in an alloy. Thus the 
coating material composition is to be adjusted to produce desired composition 
in the deposit. With the advanced techniques, a range of elements with 
different vapor pressure can be evaporated from a single source. The leaders 
or gaps between columnar deposit can lead to premature failure due to 
environmental attack and by thermal fatigue cracking Apart from diffusion 
treatment, the leaders can also be closed by techniques, such as, glass bead 
peening and laser glazing. In the EBPVD process of depositing thermal 
barrier coating of stabilized zirconia plus a bond coat on aeroengine 
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components, it is possible to produce a number of fine cracks perpendicular to 
substrate (4). The segmented network improves the cyclic life of the coating. 




Flg.4.1.2a.EBPVD coating of MCrAlY 
on Ni-base superalloy, XSOO 




Flg,4.1.2b.EBPVD MCrAlY coating on Nt-base 
alloy, after difusion heat treatment, XSOO 

( Ref 5 reproduced from book on 'Superalloy II, 
by permission of John Wiley & Sons 
Copyright © 1987. ) 



Advantages ofEBPVD (3):- 

• The process flexibility allows control of composition in the deposit. 
The composition control can be achieved through independent 
evaporation of multiple ingots. It is possible to make multilayered 
coatings of different materials, such as, ceramic and metallic layers. 

• Microstructure control is possible. By frequent interruption of the 
deposition process it was possible to form fresh nucleation sites and 
avoid continuous columnar grain formation. Coating has uniform 
microstructure. 

• Surface finish of the coating is excellent. 
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Applications: 

Aluminium Coated Steel Strip 

A plant for coating aluminum on steel strip has been reported (6) to have 
achieved a high evaporation rate of up to 100 kg per hour at a high beam 
power of more than 300 kW in continuous operation of 100 hours. The 
aluminum coated steel strips are used in packaging industries to replace costly 
tin plated steel strips. 



Gas turbine 

A major application of EBPVD is the thermal barrier coating on 
aeroengine turbine components. Following combustion, the highly oxidising 
hot gases enter the turbine at a temperature, which is 200°C or more than the 
melting point of the superalloy. The temperature of the gas entering the 
turbine is known as TET. Massive amount of cooling air is blown through the 
components to cool them below the melting point of the superalloy. A 
significant reduction in specific fuel consumption can be achieved only by 
increasing the gas temperature at turbine-section inlet throats. The continued 
demand for increased power and improved specific fuel consumption has 
resulted in progressive increase in TET over last three decades. In new 
generation of civil aircraft, TET exceeds 1800°K on take-off (7) and metallic 
structures of superalloys are expected to withstand temperatures of up to 
1200°C (2190°F). At such high TET, no uncoated rotor or stator blade can 
possibly last long. Additionally the hot gases are highly corrosive. EBPVD 
process is used to deposit several layers of coatings of different materials on 
aerofoil to protect the components at high TET. A typical coating sequence is 
as follows: - 

i. Multicomponent MCrAlY Coating Layer:- The coatings for the 
turbine blades are designed to protect the surface against wear due to 
high temperature oxidation, hot corrosion and erosion from particles 
in the combustion products. However, the coating material should be 
suitable for use with the blade materials, which are normally nickel 
base superalloys, At the high operational temperatures in service, 
there should be low diffusivity of elements constituting the coating so 
as to form a very thin diffusion zone. Also the diffusion process 
should not adversely affect the fatigue, creep or fracture resistance 
properties of the blade material during coating process or in service. 
The coating should be easily removable to facilitate part repair (8). 
The multicomponent system such as, MCrAlY, (where base metal 
M= Fe, Co, Ni) has been found to satisfy the coating requirement of 
the turbine blades. 

The normally accepted practice for coating is to use conventional 

EBPVD, or plasma-assisted EBPVD or low pressure plasma spray. The 
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EBPVD generally produces higher quality coatings. Plasma spray 
technique has the equipment cost advantage. The film thickness of 0. 1 to 
0.2 mm (0.004 to 0.008 in.) is generally adequate (8). In the EB PVD 
process (8) for deposition of MCrAlY, the substrate must be heated 
rapidly to a high temperature and maintain the temperature during 
deposition. The high deposition temperature ensures formation of dense 
structure, which is required to provide adequate resistance to hot 
corrosion and oxidation by hot gas. The rapid heating of the substrate is 
necessary to avoid overheating and recrystallisation. The actual 
preheating temperature depends on the alloy composition. In the case of a 
nickel base superalloy substrate the preheat temperature is reported as 960 
to 980°C (1760 to 1795°F). The time required to heat the substrate 
surface to this temperature should be less than 6 minutes (8). The 
temperature should be maintained within ± 10°C. The preheating is 
carried out in a separate chamber under vacuum. The surface temperature 
of the molten evaporant is to be held constant during evaporation. Also 
the evaporant material is to be continuously added to the crucible in order 
to maintain equilibrium conditions. The coating chamber contains two or 
three EB guns, each with beam power rating of 200kW maximum. A 
water cooled copper crucible contains the evaporant and a laser-based 
system is used to regulate the level of molten material in the crucible. The 
coating thickness of 0. 1 to 0.2 mm (0.004 to 0.008 in.) is deposited in 
about 10 minutes time. The corresponding coating rate is 1 micron per 
second (40 micro-inch per sec). 

A typical composition of MCrAlY is 20 Cr, 10 Al, 0.3 Y and rest 
M(Fe, Co, Ni, Co).Depending on the composition, the tolerances are 
specified for the individual elements. For example, in a NiCoCrAlY 
deposit, the acceptable tolerance range for chromium, aluminum, and 
yttrium are 80%, 60% and 60% respectively. In otherwords, if the 
specified chromium content in NiCoCrAlY is 16 to 22%, then the 
production coating will contain approximately 16.5 to 21.5% Cr. 

Normally diffusion coating of alunrinides (e.g., NiAl) or platinum- 
aluminide is used as bond coat before MCrAlY deposition by EBPVD. 
The diffusion bond coat layer is around 10 micron (Fig. 4.1.1). 
ii. Thermal barrier coating:- The blade life is further extended by 
applying a heat insulating top coat. The function of the insulating 
layer is to primarily act as an insulator so as to fomr a barrier for heat 
flow to base metal, and thus prevent base material temperature from 
increasing beyond acceptable limit. This is done by applying a 
coating of insulating ceramic material on the metal surface. The 
coating is known as thermal barrier coating (TBC). Normally Y 2 0 3 - 
stabilised Zr0 2 is used for this puipose. The temperature difference 
between surface and at the base of TBC layer can be as high as 
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150°C. The coating material is capable of providing resistance to high 
temperature oxidation and hot corrosion. The TBC layer also reduces 
thermal shock loads on the blades by reducing the effect of ambient 
temperature fluctuations. The Y 2 0 2 -stabilised Zr0 2 containing 7% 
Y2O3 is deposited by the same process as that of depositing MCrAlY. 
The raw material used are Y 2 O 3 and Zr0 2 . The partial dissociation of 
oxides results in oxygen deficiency, which is compensated by adding 
controlled amount of oxygen during coating. Smaller crucibles are 
used to cope with high evaporation temperatures of the refractory 
oxides and the EB gun capabilities. Additionally, a thin layer of 
alumina is to be formed on MCrAlY, which acts as ‘glue’ for 
adhesion of cearmic to MCrAlY. The insulating alumina layer is 
formed by diffusing out aluminum from the MCrAlY coating to the 
surface, where it is converted to the oxide. The growth of the oxide 
film is self-limiting, ie., it becomes extremely slow once it reaches a 
certain thickness. The intermediate film of around 10 micron thick 
provides additional oxidation resistance (9). The advantage of using 
LPPS to deposit alumina is the ability to add Hf or other elements, 
which enhance the adhesion of alumina scale, a factor critical to the 
life of EBPVD deposited thermal barrier coating. The spalling of 
ceramic coating occurs due to growth of alumina ‘glue’ region 
resulting in the development of increased stress at the interface. 
Recently developed bond coat materials based on platinum has shown 
improved life during thermal cycling (9). 

The multilayer coating of different materials on aeroengine turbine blade is 
shown in Fig. 4.1.3. The thickness of the first layer on the substrate is around 
lOmicron. The diffusion zone provides good adhesive bonding of CoCrAlY 
to the substrate. The thickness of the corrosion and oxidation resistance layer 
of CoCrAlY is around lOOmicron.Another diffusion layer on the top of 
CoCrAlY has a thickness of approximately 5 micron. The diffusion layer acts 
as a bond coat between top Y2O3 stabilised Zr0 2 layer and substrate 
containing CoCrAlY. The top thermal barrier coating (TBC) layer is around 
250 micron thick (8). 

Tools (10,11) 

The improvements in tool life to the extent of 100% to 400% are obtained 
by hard, wear resistant EBPVD coatings of TiC, TiN and TiAIN (10). 
EBPVD coatings of TiCN, TiAIN and CrN are developed (11) to cater for the 
needs of specific tooling applications. The new coatings have replaced TiN in 
areas where their comparative performance is superior to TiN. The golden 
colored TiN coatings (2-5 micron) of hardness of 2200 HV are widely used in 
metal cutting and forming industries. The TiCN coating has both high 
hardness (-3000 HV) and toughness, but lower oxidation temperature (400 vs 
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600°C) in comparison to that of TiN. Therefore the TiCN coating is used for 
interrupted cutting tools, such as milling, where the tool temperature rise is 
less and high toughness prevents tool breakage. The titanium aluminum 
nitride (TiAIN) coating is hard, tough and capable of withstanding high 
temperature. Therefore the TiAIN coating is recommended for high speed 
tooling, requiring less lubricants or for dry machining An additional 
lubricious carbon based coating on TiAIN layer can minimize heat generation 
through reduced friction (11). 
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Fig 4.1.3 Schematic diagram of a multi-layer coating to prevent hot 
corrosion and oxidation in turbine blade 

Low Friction Mixed DLC-WC Coating for Automobile Industry (11) 

A high hardness (1000 HV), low coefficient of friction (-0.5 against 
steel), carbon based diamond like coating containing WC has found a large 
number of applications. The low deposition temperature of 160 to 200°C, 
allows the coating to be used on a large number of engineering steels, 
including carburized steels without getting tempered during coating process. 
The coating structure consists of lamellar structure of amorphous carbon 
containing tungsten carbide precipitates (11). An interesting application is the 
plungers in the diesel fuel injection systems (11). In order to cope with stricter 
emission regulations, the injection pressure in the fuel injection system has 
been increased significantly thus reducing the clearances between, for 
example, plungers and barrels. The reduced clearance has increased the 
scuffing problem. The mixed C-WC coating on plunger has found to provide 
solution to scuffing problem. The transmission performance of carburized 
gears in poorly lubricated environments can be improved by the use of C-WC 
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coating. The pitting fatigue resistance of the coated carburized gear is 
increased by 10-15% compared to that of uncoated gear (11). 



Frictional Wear Resistant Silver/Molybdenum Coating (12) 

Advanced heat engines and gas turbines require coatings to withstand 
high temperature harsh tribological conditions. Silver has been used as solid 
lubricant in high temperature applications (13,14) due to its high conductivity 
(no hot spot formation due to quick dissipation of frictional heat), low shear- 
strength (can serve as a self-sacrificed layer) and high chemical inertness. 
Molybdenum and molybdenum sulphide (MoS 2 ) coatings are used 
extensively as anti-scuffing and friction reducing agents (14). The 
simultaneous electron beam evaporation of silver and molybdenum, which ar e 
not miscible in liquid state, produces nano-crystalline structures onto steel 
substrate at room temperature. The co-deposited thin film contains a mixture 
of crystalline silver (69%) and molybdenum (31%). The nano-crystals are in 
the size range of 8 to 47 nm. In wear- tests, the film provided lowest friction 
during the first 10 hour of sliding compared to other samples such as bare 
steel substrate, pure molybdenum coating, or molybdenum rich (66% Mo, 
34% Ag) films. The wear- resistance in terms of wear depth measurements can 
be increased by 25 to 27% in comparison to the base steel materials. The 
improved wear resistant characteristic of the silver rich molybdenum film is 
ascribed as due to the formation of a nano-crystalline binary mixture by 
EBPVD deposition process. 



Graded EBPVD Coating 

The large differences in thermal properties, such as, thermal coefficient of 
expansion and thermal conductivity, between metallic and ceramic materials, 
can lead to failure of pure ceramic coating on the metallic component during 
thermal cycling. The coating integrity is impaired by such drastic change in 
coating properties at the coating interface between metal and ceramic. In such 
a situation, it is advisable to have a multilayer coating, where increasing 
percentages of ceramic materials are added to each successive layer till the 
ceramic composition is reached. The number of layers and the amount of 
additions in each layer are to be decided based on overall coating thickness 
limitation. In EBPVD, the coating composition can be altered by 
manipulating the evaporating material compositions or by independent 
evaporation of materials from multiple ingots. The process has thus the 
flexibility to form graded coatings. The gradual change in properties across 
the graded coating results in improved resistance to spalling during thermal 
cycling of the coated component. 




Electron Beam Processes 



145 



Amorphous Deposit by EBPVD 

In the condensation process, the vaporized material is condensed on a 
surface maintained at a temperature well below that of configurational 
freezing. Thus the potential for novel metastable structure formation is much 
greater in condensation where the quench rates are much higher than melt 
quenching. The quench rate for condensation from vapor phase is 10 12 
whereas in ‘splat’ cooling it is 10 8 (15). Also in contrast with melt quenching, 
there should be no limit on the compositional ranges of solid solutions 
formable by condensation. Thus, it should be possible to co-deposit over the 
entire composition range of elements with limited liquid state miscibility. It is 
now well established that the component variety and composition ranges of 
alloys which form amorphous solids are much wider in condensation than 
melt quenching. For example, Cu-Sn (16), Cu-Ag (17), and Au-Co (17) are 
vapor or sputter co-deposited, but not melt-quenched, in amorphous solid 
forms. The amorphous metal coatings possess excellent corrosion resistant 
properties due to the absence of grains in the structure. 



Plasma assisted EBPVD 

A plasma assisted electron beam evaporation process has been developed 
for producing coatings with improved density. In this process, positive ions 
are produced and accelerated via use of a supplementary electrode and the 
application ofbias voltage to the parts (1). The film condensation rates remain 
similar to conventional vacuum evaporation but the coatings are much denser 
and thus more resistant to hot-gas corrosion encountered in gas turbine blade 
application. The plasma-assisted technique has been successfully used to 
deposit hard coatings on metal sheet (1). 



4.3 Electron Beam Welding (18) 

The high energy electron beam when focused onto the consumables 
results in the formation of fused weld overlay on the substrate surface. The 
electron beam welding can be performed in high vacuum (<1 x 10' 3 mm, Hg), 
medium vacuum (~1 x 10' 2 to 1 x 10' 1 mm Hg) and in non-vacuum (NVEB). 
In NVEB, the electron beam is shielded with inert gas, such as, helium, which 
also acts partially as a shielding gas for the molten metal pool. EBW is a 
preferred process compared to others for precision applications involving 
exotic materials with stringent weld requirements because of the ability to:- 

• melt materials reactive to traces of atmospheric gases in the vacuum 
chamber 

• locally melt high-temperature materials without preheat allowing 
formation of small, precisely controlled weld pools 
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• melt highly conductive materials and also materials highly reflective 
to laser beam 

• weld very thin and very thick materials due to wide range of controls. 
The main limitations are the object size restriction (due to chamber 
size) and high cost. NVEB, or medium vacuum can be used for non 
exotic materials retaining most of the advantages of EBW, in 
applications, such as, automobile gears, steering column, and also for 
bandsaws and hacksaws. 
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Chapter 5 



MICROWAVE ASSISTED SURFACE 
MODIFICATION PROCESSES 



5.0 Introduction 

Electromagnetic waves with wavelength in between radiowave & 
infrared and frequencies higher than radiowave are known as microwaves or 
millimeter waves. Microwave heating of a material depends on the loss 
factor, which is the product of dielectric constant of the material and its loss 
tangent. Materials with loss factor in the range of 1 to 100 are suitable for 
microwave heating. Surface heating can occur in materials with high loss 
factors. Loss factor varies with the frequency and temperature and can be 
changed by altering the state of a material through different processes such 
as powdering, compacting, heating or melting. An insulator, which is 
transparent to microwave at room temperature can get easily melted by 
absorbing microwave at elevated temperatures. Microwaves are used in 
CVD deposition of diamond coating, surface diffusion and sintering of 
surface deposit. 



5.1 Formation and Properties of Microwave 

Light is considered as a component of the electromagnetic spectrum 
(Fig. 5.1). Electromagnetic waves move with the same speed as that of the 
light, i.e., c = 2.997924 x 10 8 meters/sec, in the free space. Different types of 
rays differ in wavelength, frequency and photon energy. The labeled regions 
in Fig. 5.1 represent frequency and wavelength intervals. Microwaves (radar 
waves) or MM-waves (1), are defined as the electromagnetic radiation 
spectrum at frequency range between 3 x 10 9 to 3 x 10 c/s, wavelength of 
10' 1 to 10' 3 m and photon energy of 10' 5 to 10’ 3 eV. All such regions overlap. 
For example, radiation of wavelength 10 3 can be produced by either 
microwave techniques (microwave oscillators) or by infrared techniques 
(incandescent sources). Microwave frequency bands are designated by 
alphabets (Table 5.1.0). Microwaves are typically in higher frequency 
regions than RF. Above ~ 1 GHz is microwave. Higher frequencies of -300 
GHz are called millimeter waves or far-infrared waves (terahertz = infrared). 
There is a lot of overlap in the terminology between the fields. 
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Tab 5.1.0 :Microwave Frequency Bands 
Letter Frequency band (GHz) 


Wavelength band in vacuum(cm) 


L 


0.390-1.550 


76.9- 19.3 


S 


1.550-5.200 


19.3 -5.77 


X 


5.200- 10. .900 


5.77-2.75 


K 


10.900 -36.000 


2.75- 0.834 


Q 


36.000 -46.00 


0.834 -0.652 


V 


46.000-56.000 


0.652-0.536 


W 


56.000- 100.000 


0.536 - 0.300 



An important characteristic of electromagnetic wave is that it can transport 
energy from point to point. The rate of energy flow per unit area in a plane 
electromagnetic wave is described by a vector S, called Poynting vector, as 
follows:- 

S = i (E.B) 

M- 

S is expressed in watts/m 2 , and the direction ofS gives the direction in which 
the energy moves. E and B are the instantaneous values of the electric and 
magnetic field vectors, p is equal to magnetic flux per amp-m or expressed 
as weber /amps-m. 

Microwave heating per unit area follows Poynting vector, and it’s 
integration denotes the heat produced (i 2 R, where I = current) over the whole 
area. For example, the rate at which energy flows into a resistor (R) through 
a cylindrical surface can be calculated by integrating Poynting vector over 
the surface as follows: 

J S.dA = i 2 R, where dA is the element of area of the cylindrical surface. 
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Most metals absorb photons with wavelengths shorter than infrared radiation 
(^microwave < X infrared) (Fig. 5.1). The power absorbed by the striking 
microwave passes through a maximum when plotted against conductivity. 
Microwaves possess the unique property of transferring heat neither to 
conductor nor to insulator but materials within the middle conductivity 
range, such as, water (Fig. 5.2). 




Fig.5.2 Microwave energy absorption vs 
effective conductivity 



[ Ref 2. Reproduced from Materials World. Nov. .1989, 
p633-639,the journal of the Institute of Materials, 
Minerals &Mining, (formerly the Institute of 
Mate rials) London, UK ] 



Energy absorption of material from microwave can be described by loss 
factor. Loss factor (2) is the product of dielectric constant of the material 
and its loss tangent. Low loss factor material cannot be effectively heated, 
whereas surface heating can occur in materials with the high loss factors. 
Materials with loss factor in the range of 1 to 100 are suitable for microwave 
heating (big. 5.2). Loss factor varies with the frequency and temperature. 
The effective conductivity can be varied widely by changing the state of a 
material through different processes such as powdering, compacting, heating 
or melting, and thus altering the microwave absorption capability. An 
insulator, which is transparent to microwave at room temperature can get 
easily melted by absorbing microwave at elevated temperatures. 

Mechanisms suggested to explain heat generation by microwave 
includes followings (2): 

i. Dipole rotation in polar water molecules is the best-known 
mechanism. Rapid changes in the direction of magnetic field (4900 
million times/ sec in a domestic microwave oven) leads to 
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oscillation of polar molecules at the same rate causing generation of 
high heat in the material. 

ii. Ohmic heating from induced current or arc generated between 
charged particles 

iii. Magnetic materials interacting with the magnetic field component 

Heat is generated throughout the bulk of the component by microwave 
and not by conduction from heat generated at the surface. Microwaves are 
used mainly for communications (Radar) and heating. Selected frequency 
bands are allotted for these two major applications in each country. For 
example in Australia, two heating frequency ranges are designated, viz., 
2450 MHz for all domestic and many commercial purposes and 915 MHz 
for the remaining commercial applications (2). 

Microwave generation & transmission 

Microwaves consist of electric and magnetic components directly 
combined with each other. For generation of microwaves high frequency 
electro-magnetic fields are required. 

Earlier systems for generation of microwaves were based on vacuum 
devices like Klystrons, magnetron and travelling wave tubes. However, solid 
state (semiconductor) types of amplifiers and generators are now available at 
relatively high power levels and at frequencies up to 300 GHz. Microwave 
generation requires high frequency electromagnetic fields. Generated 
microwaves are transmitted onto the material to be heated by wave guides 
with their respective tuners, or by absorbers via special wave-guide 
radiators. 

Microwave heating requires a magnetic field. The mechanism for 
coupling is the resonance frequency of the cyclotron motion of the electrons 
around the magnetic field line. For example, 2.45 GHz which is the 
frequency used in microwave ovens couples to electrons at about 850 Gauss. 
This is obtainable nowadays by using rare-earth permanent magnets. The 
coupling is very good and produces high ionization and high plasma density 
of 10" cm' 3 . 



5.2 Microwave Assisted Plasma CVD Process (3, 4) 

Microwave Plasma CVD 

In addition to DC plasma, two other types of plasma with widely 
different frequencies are microwave and radio frequency (RF) plasma. The 
excitation frequency of microwave plasma is typically 2.45 GHz, while that 
of RF plasma is 13.56 MHz. The unique property of microwave plasma is 
the capability to oscillate electrons at microwave frequency. As a result of 
electrons colliding with gas atoms and molecules, high ionization fractions 
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are generated. Microwave plasma is often said to have ‘hot’ electrons and 
‘cool’ ions and neutrals. 

It has been observed that the concentration of atomic hydrogen could be 
increased by the use of a DC plasma established by an electrical discharge 
(5). The plasma therefore has been considered as another method to 
dissociate molecular hydrogen into atomic hydrogen and activate 
hydrocarbon radicals into promoting diamond formation. The temperature 
for the formation of diamond coating can be reduced substantially by using 
microwave in plasma CVD coating. Diamond growth requires an 
environment in which a high rate of graphite etching occurs. Two regions of 
microwave plasma actively etch graphite are : 

i. centre of the plasma ball and 

ii. region just under plasma. 

The second region provides conditions for low temperature crystallization of 
diamond. In order to obtain high crystallization rate, two possible solutions 
are: 

i. Substrate is placed under the plasma ball. 

ii. Plasma is extended down stream by means of a coaxial waveguide. 

The waveguide can be made of a strip (or rod) of graphite or metal and shall 
extend the outer layer of plasma ball. Microwave oscillations shall be 
transferred along the waveguide with the plasma. A schematic diagram of 
microwave assisted CVD process for diamond film formation is shown in 
Fig. 5.3. Microwaves enter into the reaction chamber through waveguides. 
The microwaves proceeds through a silica window into the plasma enhanced 
CVD process chamber. The reactive gas mixture methane plus hydrogen 
entering from the top is allowed to interact with microwave plasma. The size 
of the luminous plasma ball will increase with increasing microwave power. 
Diamond films have been grown with the edge of the luminous plasma 
located about 2 cm higher than the substrate. The substrate need not be in 
immediate contact with the luminous glow for diamond to grow via 
microwave plasma. Uniform diamond films with substrate diameters of up to 
4 inch can be deposited using this system. 

Temperature of substrate at reaction zone was found as 800-1000°C by 
optical pyrometer and 400°C by infra-red pyrometer. The coating thickness 
of 1-2 micron per hour was obtained with substrate (glass, metal or ceramic) 
at around 800°C. In MWCVD system, by applying negative bias to the 
substrate during nucleation, it has been possible to enhance nucleation rate to 
a density as high as 10 9 - 10 10 cm' 2 on silicon (6) and silicon carbide surfaces 
(7). The high growth rates are achieved on polished surface, i.e., without any 
scratching. 
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Fig.6.3. Schematic of Microwave CVD Process 



Microwave plasma assisted CVD has been used to produce wear 
resistant coating of not only diamond but also other ceramic materials, esp., 
for small cutting and milling tools. 

Electron-Cyclotron Resonance Microwave Plasma CVD 
The electron cyclotron resonance microwave plasma (ECR-MP-CVD) 
has been used to synthesize diamond film, since ECR-MP generates high 
density plasma (>10 M cm -3 ), which is favorable for diamond growth. ECR- 
MP-CVD has been used to obtain uniform films at substrate temperatures as 
low as 300°C (8). However due to extremely low pressure of the ECR 
process (10-4 - 10-2 Torr), diamond growth rate is extremely low. Therefore 
this method cannot be used for industrial production. 



5.3 Microwave assisted surface diffusion (2) 

i. Carburising: -Experiments have been conducted for case hardening 
of low carbon steel by carburising in microwave assisted diffusion 
of carbon at the surface from carburising atmosphere. 

ii. Diffusion of substitutional elements:- The concentration of 
substitutional elements like Mn, Ni, Cr, A1 etc at the surface layer 
can be increased by microwave assisted surface diffusion process. 
Surface alloying can convert the surface of a low carbon steel to 
nonmagnetic austenitic structure (Mn, Ni), or formation of corrosion 
& oxidation resistant (Cr) layer or high temperature oxidation 
resistant (Al) case. 

Steep diffusion composition gradients were found in these experiments. 
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5.4 Microwave Sintering 

Microwave heating has been used to sinter ceramic oxides & carbides. 
Microwave sintering of metallic materials have also been carried out (9) 
.The sintering of thermally sprayed carbides (WC + Co) and oxides (A1-, Ti-, 
Cr- & Zr - oxides and mixed oxides) for development of dense wear 
resistant coatings is yet to be explored. The increase in density due to 
sintering shall result in higher hardness and the corresponding improvement 
in weai' resistance properties of the ceramic & composite coatings. The 
closure of open pores by sintering can lead to the improvement in high 
temperature oxidation & corrosion resistance of coatings. 



5.5 Fused Ceramic Surfacing by Microwave (10, 11) 

By focusing microwaves of 122 mm long on a 1mm spot on the surface 
of the materials such as, ceramics, concrete, and glass, which absorb 
microwaves (but not on metals, which reflects microwave), it is possible to 
produce sufficiently intense microwave energy for melting the spot. The area 
is rapidly heated because of “thermal run-away effect”. The material at the 
hot spot absorbs more microwave energy due to increased temperature. The 
cascading effect of higher energy absorption with increasing temperature 
leads to the development of extremely high temperature in a small volume 
(10). Similar to laser, the microwave can be used to modify the surface 
properties by rapid melting of small localized wearprone area, followed by 
rapid cooling due to mass effect of the bulk material on removal of heat 
source. Utsumi & others (11) has reported the formation of crack free fused 
ceramic coating (titanium diboride) by melting applied ceramic paste layer 
by laser beam (see section 6.8). The microwave can be used to preferentially 
melt the ceramic layer to form a hard wear' resistant coating similar' to that 
obtained by Utsumi & others (11). Also the microwave can be used to close 
the open pores in thermal spray ceramics to prevent the ingress of fluid 
corrosive chemicals. 
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Chapter 6 

LASER ASSISTED SURFACE ENGINEERING 
PROCESSES 



6.0 Introduction 

The concentrated source of heat obtained from the light amplified by 
simulated emission of radiation or LASER has been used extensively for 
various surface engineering processes. The three main types of laser used in 
surface modification processes include solid (Nd-YAG), gas (CO 2 ) and high 
power diode lasers. The list of processes using laser as a heat source includes 
surface hardening, melting and amorphous phase formation, alloying, surface 
coating by welding, vapor phase deposition and thermal spraying. In addition 
to formation and properties of laser, use of laser in various surface 
engineering processes and the major industrial applications are to be discussed 
in this chapter. 



6.1 Formation & Properties of Laser 

LASER is the light (L) amplified (A) by stimulated (S) emission (E) of 
radiation (R) producing high energy parallel beams at specific wavelength. 
Energy in different forms can be converted to produce laser (Table 6.1.0): 

LASER 

Monochromatic, coherent 
radiation in the UV, violet 
or infrared regions of electro 
magnetic spectrum 

Tab.d.1.0. Laser formation from other forms of energy 



ENERGY 



Electrical 

Light 

Thermal 

Chemical 



Transform 



To 



A laser device consists of optical pumping to excite the light quantum from 
lasing element and a resonator or optical cavity for light amplification. 
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6.1.1 Lasing Elements 

Lasing or light emitting elements can be solid (including semiconductors), 
liquid, or gas. 

Solid lasing elements: The list of solid elements includes ruby, erbium 
garnet, neodymium - doped glass etc. A^CVNa garnet doped with 
neodymium has power output up to 1 kW in continuous wave (CW) or up to 
50 MW in pulsed operation. 

Liquid lasing elements: List includes some dyes and neodymium oxide 
containing solution. Inorganic liquid lasing solutions have similar capabilities 
as that of solids. However, liquids exceed solids in terms of pulse power- 
output due to their large volume of lasing element. 

Gas lasing element: Gases normally used include hydrogen, nitrogen, 
ar gon and carbon-di-oxide. Gas laser has the most wide spectrum of radiations 
and highest power output in CW operation in conjunction with high 
efficiency. Commercial CO 2 lasers use a gas mixture comprising of 10% CO 2 , 
(lasing gas), 78% He (for heat dissipation) and 12% nitrogen (to increase 
efficiency). 

Single Crystal or Semiconductor Lasing Elements: The list of single 
crystals or semiconductors used as lasing elements include gallium and 
indium arsenide, alloys of Cd, Se and S. An example of single crystal 
semiconductor or diode laser is the use of n-doped GaAs single crystals with 
extremely high purity as lasing element. Lightweight semiconductor lasers 
consume less energy while operating at a very high efficiency (70%). 

Excimer laser is also a gas laser which uses mostly a combination of inert 
gas halides, such as xenon chloride. These dimer gas molecules only exist as 
short lived excited states and therefore the excimer laser is operated on a 
pulsed basis. 



6.1.2 Pumping Systems 

Pumping system supplies energy to excite and emit light from lasing 
element. The pumping systems are developed to suit the lasing elements. 
Examples of pumping systems for different types of lasing elements are as 
follows: - 

Solid state and liquid lasers: These are usually optically pumped by a 
flash tube. 

Gas Lasers: The gas lasers are pumped by gas discharges. 
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Semiconductor lasers: Energy of current traversing the p-n junction is 
utilised for pumping. 

The laser can be operated in the continuous wave (CW) or pulsed mode, 
depending on the energy capability of pumping system. 



6.1.3 Techniques For Laser Formation (1, 2, 3, 4, 5) 

Laser from Solid Lasing Element (1, 2): The solid lasing element like Nd- 
YAG is normally used in the form of a cylindrical bar of 150 nun long and 
9mm diameter. The parallel ends are ground flat to close tolerance, polished to 
optical finish and silvered to make reflective surfaces. Excitation or optical 
pumping of the Nd-YAG crystal is carried out by a krypton or xenon lamp 
(Fig. 6.1.1). By combining a number of rods, high power YAG lasers can be 
produced. For example, by combining single rod 600W systems, it has been 
possible to develop a high powered two-rod 1.2 kW system or a three-rod 1.8 
kW system or a four-rod 2.4 kW system in CW mode. The poor beam quality 
of high power Nd-YAG laser can be improved by either changing the 
geometry of lasing medium from rod to slab or by aperturing the beam. The 
negative aspects of the slab or rectangular laser include high cost of growing 
and finishing the crystal to the precision required, its limited sources, and its 
limited durability. 



Light Concentration Housing(Ellipse) 




Fig.6.1.1. Schematic of a Nd-YAG Laser System 



Power output depends on excitation method. In continuous excitation 
(CW), xenon lamp excitation can produce power up to 10 W, whereas krypton 
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lamp produces up to 100 W or more. Intermittent pumping is carried out in 
pulse mode by using a pulsed power supply to drive the flash lamp. In pulse 
mode, the power output pattern shows a number of spikes of varying heights 
or peak power levels despite similar duration of each spike. Average power 
produced by Nd-YAG in pulse mode is in the range of 10 to 100 W. The flash 
lamps, which need frequent replacements, are being substituted by an array of 
diode lasers. The diode lasers improve the pumping efficiency by matching 
the absorption spectrum of neodymium. A diode pumped Nd-YAG laser can 
develop up to 6 kW power. 

Gas laser (1,2) : In CO 2 laser, a gas mixture consisting of 10% CO 2 , 78% 
He and 12% nitrogen is optically pumped (CO 2 molecules excited) by glow 
discharge (Fig. 6.1.2). In a high efficiency CO 2 laser, around 80% of the 
electrical power input dissipates as heat through the gas with the resultant 
increase in the gas temperature. Laser action ceases if the gas becomes very 
hot. Therefore the gas temperature is to be maintained within 200-250°C by 
adapting suitable cooling system. The lasing gas is cooled either by convective 
cooling through heat exchangers with the help of a suitable gas circulated 
through blower or by removal ofheat by diffusion through the glass wall to the 
circulating water in the jacket placed surrounding the tube, called ‘diffusion 
cooled’ . 




Fig 6.1 .2. Convective Flow C02 Laser (a) Axial Gas Flow 
and (b) Transverse Gas Flow 



Convective cooled C0 2 lasers 

The convective cooling technique is used for most of the high power C0 2 
lasers in multi-kilowatt range. In this system the laser gas is circulated through 
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the discharge zone and then through heat exchangers at high speeds with the 
help of a circulating blower. The laser power (PL) can be increased by 
increasing the gas flow velocity or mass flow rate (M) as follows (6):- 

PL = 120 M Watts, where M is a mass flow rate in g/s 

Gas heating is controlled by continuous flow of gas mixture through the 
optical cavity area and therefore the CO 2 lasers are usually described 
according to the direction of gas flow with respect to the direction of optical 
oscillation, such as, slow axial flow (SAF), fast axial flow (FAF) or transverse 
flow (TF). 

Axial Flow: -In this system (Fig. 6.1.2a), convectively cooled gas flows 
parallel to the direction of discharge and optical oscillation. SAF is the 
simplest gas laser. In a more efficient heat exchange system in FAF, higher 
output power obtained in comparison to SAF. FAF in CW mode can produce 
500- 1000 W/m. 

Transverse Flow:- In TF, gas is circulated across the discharge & optical 
path (Fig. 6.1.2b). The long optical path & short resonator structure make 
possible to produce higher output power of 1-25 KW (CW) in compact TF 
system. 



Diffusion cooled extended electrode CO2 lasers: 

The conventional system of diffusion cooling through the circulating 
water outside the glass tube becomes less effective with the increase in tube 
diameter unless there is a corresponding increase in laser gas pressure so as to 
maintain the product of the laser gas pressure and the discharge tube diameter 
at a fixed value of around 25-30 Torr-cm. By increasing discharge tube length, 
the maximum power available is about 50-60W/m. For materials processing 
high power output in kilowatt range is required. The diffusion cooled lasers 
are scaled up to kilowatt range by increasing the active length and then 
placing several discharge tubes optically in series or parallel configurations. In 
commercial units using series configuration, power output up to around lkW 
is possible. In parallel discharge tubes, the units with power outputs of up to 
10 kW are available. 

A new concept of increasing power output in diffusion cooled CO 2 laser is 
through formation of stable and uniform discharge between two extended 
electrodes (7). 

The water cooled two plane (flat plates) or coaxial cylindrical electrodes 
with larger electrode areas are used to increase power output in few kilowatt 
range. Lasers of this type are usually excited by RF discharge instead of DC 
discharge. With the availability of compact solid state base RF power supply, 
this type of CO 2 laser in kilowatt range is gaining popularity. However the 
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planar or coaxial system of extended electrodes requires specially designed 
optical resonator to produce good quality beam suitable for material 
processing. 

Intensity distribution in a plane perpendicular to the propagation of a 
cylindrically symmetric beam is classified by its transverse electromagnetic 
mode, TEMpi, where p & 1 refer to the number of radial and angular modes. 
The subscripts refer to the allowed oscillation (standing electromagnetic 
waves) in two orthogonal directions in a plane transverse to the axis of optical 
cavity. TEM 00 mode means only one orientation of the beam and the beam 
intensity follows Gaussian distribution pattern about a central peak. TEM 00 
can be focussed to the smallest size with largest depth of focus. 



High Power Direct Diode Lasers ( HPDDL ) (3, 4, 8) 

Low efficiency ofNd-YAG laser is ascribed as due to very wide spectrum 
of optical flash/arc lamp radiation not fully utilized in laser excitation. Earlier- 
attempts to improve the efficiency of solid state Nd-YAG laser by diode 
pumping laser of appropriate wavelength resulted in an efficiency of as high 
as 20%. 

Recent development of high power direct diode laser (HPDDL) also 
known as semiconductor lasers with very high energy conversion efficiency 
(40 to 50%) has for the first time led to the production of compact, modular 
and highly efficient laser heating systems. HPDDL systems are not only 
economic alternatives to conventional lasers but also to other heat sources, 
such as, plasma, electron beam or ion beam, which are used for thermally 
assisted surface modification processes (3). 

The basic material for diode laser is high purity n-doped GaAs single 
crystal. Thin wafers of around 350micron thick and 2.0 (50.8 mm) to 3.0 (76.4 
mm) inches diameters are sliced from the crystal. The layered structure is 
generated by CVD process and epitaxial growth. By carefully scratching, the 
wafer is broken into small individual diodes. At the edges multilayer mirrors 
are deposited in order to form a resonator. A few milliwatts of light can be 
generated from such unit. 

In order to develop higher power, several single elements are integrated 
into one semiconductor element. The unit is known as ‘laser bar' with 
dimensions of around 1000 micron x 600 micron x 115 micron of which 
600micron is the resonator length. 

The shape of the light generation area leads to special light emitting 
characteristics, such as a high divergence in the direction of the pn-j unction 
(‘fast axis') and a low divergence but wide emitting ‘stripe’ in the other (‘slow 
axis’) direction. To bring the divergent beams in useful form, a lenset array is 
close coupled to a two dimensional array of laser diodes. The other axis (‘slow 
axis’) is not collimated and allowed to diverge. The beam thus produced has a 
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very high intensity profile along the long axis and a Gaussian profile 
perpendicular to the line along the short axis (3, 8). 

For developing high current required for high power laser, it is necessary 
to remove the resultant excess heat generated in the small laser bars. With 
proper cooling systems, the efficiencies for conversion from electrical to 
optical power are vastly improved to 40% to even above 50%. Earlier 
microchannel cooling technology based on silicon anisotropic etching is now 
replaced by heat sinks containing a network of small copper channels with 
cross section around 300 micron x 300 micron. The water circulation at a rate 
of 0.5 litre per minute through copper microchannels located underneath the 
laser bars can generate laser power of up to 50 W or even higher without 
causing damage to laser bar (4). The stacked diode laser with several elements 
on top of each other can deliver up to 1 kW. The coolant flows through the 
heat sinks is in parallel configuration. 

For further increase in power, 2 or even 3 can be combined by stripe 
mirrors to fill in the aperture. Single or combined stacks can be further 
directed onto the same optical path by polarization coupling, or wavelength 
coupling so as to deliver 5 to 6 kW laser power from a laser head of typically 
not larger than a shoe box (4, 8). 

The Fig. 6.1.3 is a schematic diagram of a multiple diode lasers, which are 
stacked in such a fashion so as to emit a linear beam shape (8). Multiple 
applications are shown along the beam directions. 




Heat Treating, 
Cladding & Paint 
Stripping dir ection 



Fig.6. 1.3. Multiple diodes laser system & the resulting linear 
beam shape for different applications (ref 8. Adopted from 
an article by Tim Nancy in Welding JoumafJune,2001,p28-30, 
with permission from American Welding Society) 



Welding and 

Brazing 

direction 
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Excimer Laser: 

The inert gas halides lasing elements in excimer laser produce 
wavelengths in ultra violet spectrum ranging from 0.193 micron for ArF to 
0.351 micron for XeF. In recent times efforts are being made to increase the 
repetition rates and peak powers so as to make use of the excimer laser in 
material processing. The average power in kilowatt range is being developed. 
With pulse time as low as a few nanoseconds it is possible to obtain high peak 
power in excimer laser. Laser- material coupling is better in the ultraviolet 
region, thus enabling excimer laser to process materials more efficiently. 



6.1.4 Laser Focusing 

The parallel laser beams are focused onto a small area of the workpiece in 
order to produce intense heat effect of the concentrated beam on the striking 
surface area. The power density generated on the workpiece surface by 
striking beam is directly proportional to beam power (P) and inversely on the 
square of the divergence (O) and the square of the focal length of the lens (F) 
being used, as follows: 

Power Density cc P / O 2 . F 2 

Laser beams are electromagnetic radiation in UV and infrared regions. 
Focusing of the laser beams therefore requires optical components, such as, 
polariser, grating, lenses (conical, spherical), mirror (flat, cylindrical), prism, 
beam splitter axicone lenses etc. Rotating and cylindrical mirrors are used for 
heat treating internal surfaces of cylinders. 

Low power solid state laser systems employ normally transmissive style 
optics (lenses) to focus the beam on the workpiece. The zinc selenide (ZnSe) 
and potassium chloride (KC1) blanks are used as transmissive optics. High 
power gas lasers generally make use of reflective optics (mirrors) for beam 
focusing. Reflective mirrors are normally highly polished, water cooled 
metals (Cu) or coated (Au or Mo coating) metals surfaces. The schematic 
diagram of a focusing system for surface modification is shown in Fig. 6.1.4. 
Transmission of short wavelength laser beams, such as, diode and Nd-YAG 
up to 1 kW total flux can be carried out by fiber optics and higher power by 
lenses and mirrors. The long wavelength CO 2 is transmitted by mirrors. A 
single laser source can be used for a number of workstations with the help of 
beam shuttles. 
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Beam Analysis 




Flg.6.1.4 Laser beam focussing system for 
surface modification 



6.1.5 Variables Affecting the Laser Assisted Processes 

Radiation Characteristics : Following characteristics of the radiation affec t 
beam properties. 

Wavelength : Wavelength ofexcimer laser is the shortest (0.2-0 .4 micron), 
followed by that due to diode (0.8 - 1.0 micron) and slightly higher value of 
YAG (1.06 micron) compared to very long wavelength ofCC >2 (10.6 micron) 
(Table 6.1.1). Shorter wavelength beams produce higher energy density. It is 
possible to guide the short wave length lasers produced by Nd-YAG and diode 
by optical fibers and lenses and also mirrors. However the long wavelength 
CO 2 laser can be guided by only mirrors. 

Absorptivity : The absorptivity of laser beam increases with the decrease 
in wavelength. Absorptivity at metal surfaces by C0 2 laser is mere 10-12% 
compared to that of 25-30% by Nd-YAG and 30% by diode laser. 

Divergence: Power density varies inversely as square ofbeam divergence. 
Lower beam divergence can lead to large increase in energy density 
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Tab.6.1 .1 Comparison of Laser Properties! 1 ,2,3,4,) 



Properties 


Nd-YAG 


C02 


Excimer 


HP' Diode# 


Wavelength(rricron) 


1.06 


10.6 


0.19-0.4 


0 8 — 1.0 


Laser output Power 
(CW Watts) 

Size of laser head 
Av lntensity(W/cc) 
Absorptivity at metal 
Surface(%) 


50-- 1000 


50-45,000 


1000 


several kW 


10-’ IT? 


In? 




10' 5 rr? 


10 s -10 9 


10 6 - 10 8 




1 0 3 - 1 0 s 


25-30 


10-12 




30 


Efficiency (%) 


1 -3(20)* 


5-15 


< 2.5 


30-50 


Price ($/W) 


200-600 


150-300 


300-900 


100-300 


Maintenance Periods 


200hrs 


lOGOhrs 


— 


M 2 Free 


Beam Guidance" 


M/UR 


M 




M/UF 


Pulsed 

a. Pulse length 

b. Repetition rate 

c. Beam diameter 

d. Beam divergence 


20J/pulse 


<150J/pulse 


<150Wav 




1-10ms 


50ns-1 00|xs 


1-80ns 




10Hz 


0.1-1000HZ 


1- 500 Hz 




5-10rrm 


10-50nnm 


2x4 

-25x30mm 




5-1 Onroad 


1-3rrrad 


2-6rrrad 





HP'=Hlgh Powerj’wlth appropriate wavelength diode laser pumping; '*M= mirrors/ 
L=Lenses/F=Flbers;M 2 =Maintenance 



Beam Diameter: Beam diameter varies directly with the wavelength. 
Smaller beam diameter improves power density. 

Focal Length : The square of focal length is inversely proportional to the 
power density. Therefore a slight decrease in focal length can cause large 
increase in power density. However in practice there is a limit up to which the 
focal length can be reduced since longer focal length is preferred for many 
applications. 

Interaction time : Total energy delivered to the workpiece is given by the 
product of the power in the beam (P) and the interaction time (t). The time of 
interaction in pulsed laser is the pulse duration. In CW mode the relative 
speed of motion between the laser beam and workpiece determines the 
interaction time. 

CW or Pulse mode: TEM 00 , with Gaussian distribution of power in the 
wave is ideal for welding, cutting and thicker hard cases. Higher order mixed 
modes are suitable for surface modification processes. 

Commercially available lasers have outputs in the range of 10-100 J and 
repetition rates of 0.25 Hz at an average power of 25 kW (9). 
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New developments in these areas include followings: - 

• square and linear beams helping in speed and uniformity 

• pulsing at higher rates or oscillating beams to avoid the disadvantages 
of plasma formation. 

• feedback control for power and beam quality. 



Materials Characteristics (1): 

Reflectance & Absorptivity of Materials For laser applications the 
materials can be classified as conductors (metals), insulators (ceramics) and 
semiconductors. In order to improve poor absorptivity of metals, it may be 
necessary to resort to one or other of the following techniques: 

i. Roughen the surface by mechanical means, such as, grit blasting or 
chemical etching 

ii. Apply laser beam absorbent coatings, such as carbon soots or ceramic 
(AI2O3) or Zn-phosphate etc 

iii. Use superimposed pulse and CW lasers. 

Ceramics possess the capabilities of absorbing large quantity of beams at the 
surface. 

In semiconductors with low impurity concentrations, laser radiation 
produces electron-hole pairs whose recombination generates heat and heat 
transfer to core takes place by conduction. 

Thermal diffusivity: Metals being good conductor, the heat dissipation 
through the bulk is fast. This enables formation of amorphous metals on the 
surface by rapidly melting a thin layer of the surface by laser and fast cooling 
by the bulk on withdrawal of heat source. Good conductors like Cu posses 
higher diffusivity (1.1 2 cm 2 s _1 ) than steel (0.15 cm 2 s' 1 ). Ceramics, being poor 
conductor, the heat gets concentrated at the point of application resulting in 
melting and evaporation. This phenomenon is used to milling & turning of 
hard ceramic materials like SIALON. 

Heat of fusion & evaporation : The required heat input for fusing and 

vaporizing depends on the latent heat of transformation and heat required to 
reach the transformation temperature of the material. The intense heat of the 
focused laser beam leads to rapid fusion and evaporation from the surface. 



6.2 Laser Assisted Surface Modification Processes 

Advanced laser assisted surface modification processes include the 
followings:- 
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1. Lasershot Peening 

2. Transformation Hardening 

3. Surface melting (RSP) 

4. Surface Alloying 

5. Surface Ablation 

6. Fusion of Thermal Spraying Coatings 

7. Laser assisted Vapor Deposition Process 

8. Weld Overlay 

9. Laser Spraying 

10. Direct Material Deposition by Laser 

The thermal energy of laser beam is used to heat, melt or vaporize the 
materials. The basic phase transitions occurring in various processes include 
evaporation, melting or fusion, and changes in crystal form. The total heat 
required for phase transformation is the summation of heat required to raise 
the material to the transformation temperature and the latent heat for the 
transformation (chapter 1, section 1.4.1). 

With the increasing energy input, the material transforms from solid to 
liquid to vapor phase (ref. 9) (Fig. 6.2.1). The energy input being a product of 
beam power density (W/min) and interaction time (min), higher power density 
is required for shorter interaction time. The laser beam can be focused to a 
very small spot size thus providing concentrated high intensity heat energy. 
The shorter interaction time of high intensity laser beam has been utilized to 
bring about changes in surface properties without affecting the bulk material 
properties. The mass effect of cool bulk material can result in the formation of 
amorphous metals by rapid solidification from liquid and vapor phases. High 
intensity beams are also used for peening the surface layer. Low surface 
temperature due to short interaction time in peening results in the 
development of deformation induced high compressive residual stress on the 
surface. 

Intense heat source improves productivity of coating processes such as 
welding and vapor phase deposition by cutting down the interaction time. 



1. Lasershot Peening (10) 

Similar to peening by high velocity shots, the laser beam has been used to 
produce the similar effects on the surface. Laser peening system needs a 
power level approaching 1 KW, and an energy -100 J per pulse, with a pulse 
duration of 10 ns. Recently developed Nd doped phosphate glass slabs and a 
master oscillator/power amplifier with wavefront correction by phase 
conjunction provide the required combinations ofhigh energy, short pulse and 
high repetition rates for shotpeening. 




